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The nanometric metal–oxo anionic species known as polyoxometalates 
(POMs) are amongst the most remarkable families of metal clusters, 
due to their rich solution equilibria as well as their unique 
compositional, electronic, reactive and structural diversity. They possess 
an intrinsic multifunctional nature, and thus, POMs have found 
applications in a wide range of fields involving technology, health, 
energy, or environment. As a result, they are considered exceptional 
candidates for the construction of functional inorganic–organic hybrid 
materials, which could potentially display enhanced or unusual 
properties born from synergistic effects. One of such could be the 
capacity to undergo single–crystal–to–single–crystal (SCSC) 
transformations leading to new crystalline phases upon applying an 
external triggering stimulus. In this introductory chapter, a brief view on 
the complex POM chemistry is given. The four main methods to carry 
out the organic derivatization of POMs that lead to the formation of 
hybrid POMs are discussed, as well as the metalorganic building blocks 
employed in this work. Synthetic strategies for constructing high 
dimensional POM–based networks are mentioned, followed up by the 
unusual occurrence of the SCSC phenomena in all known stimuli–
responsive POMs to date, the relevance of which is also briefly 
discussed. Later, basic notions regarding the preparation of tailored 
“breath figures” polymeric surfaces composed of amphiphilic diblock 
copolymers and their potential to act as platforms to immobilize POM 
clusters are given. The introductory chapter ends with the aim of this 
work.  
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Polyoxometalates (POMs) are a well–known class of anionic metal oxide nanoclusters 
that exhibit a huge compositional, structural and electronic versatility as well as an intrinsic 
multifunctional nature.1 A great variety of anions can be found within this unique inorganic 
family which range from simple and small dimetalates and oligomeric species to larger and 
more complex heterometallic clusters and even giant macrostructures with sizes close to those 
shown by some proteins (Figure 1.1). A contemporary huge impetus in the systematic design 
and controllable syntheses of POM‐based multifunctional materials has been developed not 
just because of their stunningly varied compositions, diversified architectures and fascinating 
topologies, but also due to their versatile potential applications in a wide range of fields such 
as catalysis,2 magnetism,3 biomedicine4 and material science,5 among others. Since the seminal 
work carried out by M. T. Pope,1 POM chemistry has undergone an outstanding growth over 
the last two decades6,7 and thus, it can be considered as one of the most active and promising 
fields within Inorganic Chemistry. 
 
Figure 1.1. Structural diversity in POMs. 
POMs are formed by the acidic condensation of a variable number of MOx polyhedra, 
where M stands for early transition metals from groups 5 and 6, traditionally V, Mo or W but 
also Nb or Ta,8 usually in their highest oxidation states, although some examples of noble 
metal POMs including polyoxopalladates, –platinates and –aurates have emerged as well 
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during the last few years.9 These addenda metals, as they are called, show a suitable charge 
and ionic radius ratio as well as empty and accessible d orbitals for the required back–donation 
to form  M–O bonds. The coordination numbers of the addenda metallic centers range from 
4 to 7, being the octahedral the most common geometry by far (Figure 1.2). The condensation 
of {MO6} subunits may occur by either corner– or edge–sharing and exceptionally via face–
sharing. Regarding the common linkages modes, corner–sharing confers flexibility to the 
polyanion while edge–sharing mode results in a more rigid cluster. Nevertheless, the 
condensation of the polyhedra must be such that no more than two oxygen atoms per 
octahedron are free (Limpscomb’s rule), which minimizes the strong trans–effect of the 
terminal M–O bonds in order to avoid the dissociation of the cluster.10 Due to the participation 
of the d orbitals in the formation of the  M–O bonds, all subunits inevitably show distorted 
geometries. This way, all addenda metals in each {MOx} polyhedra result oriented towards the 
terminal oxygen atoms of their immediate coordination environment which lead to two classes 
of polyoxoanions with different electronic properties: class I, if the  M–O bonds are polarized 
toward a single terminal O atom and class II, where the polarization takes place toward two 
atoms locates in cis relative configuration. Since the LUMO orbital of the former is of non–
bonding nature, they can accept and release specific numbers of electrons reversibly under 
chemical, electrochemical and/or photochemical procedures, which result in the formation of 
mixed valence species with marginal structural rearrangement.1a In contrast, class II POMs 
possess an anti–bonding LUMO orbital and thus, they are electrochemically inactive and/or 
difficult to be reduced.11 Because of the polarization that the addenda metals sustain toward 
the outer oxygen shell, the d orbitals permit the formation of the  M–O bonds which in turn 
prevents the formation of more bridges with additional octahedra limiting the 
polycondensation process. 
 
Figure 1.2. Polyhedral representation of the two main linkage modes between two {MO6} octahedra that form 
POMs as well as typical coordination polyhedra of MOx addenda metals and their S&P ionic radii (Tables 1.1‒1.2). 
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In spite of the vast compositional, topological and structural diversity, most POM usually 
exhibit some common properties:1 a) They possess high charge, size and symmetry as well as 
thermal and solution stability; b) the equilibria involving the formation of POMs are modified 
to a great extent by several variables like concentration of the reactants, pH, ionic strength, 
presence of extra ligands, employed counterions, temperature or pressure (hydrothermal 
synthesis, microwave assisted reactions, etc.). Several solution studies confirm the coexistence 
of various species in equilibrium for a given range of pH. Furthermore, usually the less soluble 
specie (which may not be the predominant specie) is isolated in solid state, evidencing the 
crucial role that the pH of the reaction medium fulfill in the formation and consequent 
isolation of these nanoclusters; c) species containing alkaline counterions are water soluble 
whereas protonated organic amines or bulky counterions confer a higher solubility in organic 
solvents; and d) they can act as multidentate inorganic ligands toward a wide variety of 
electrophiles through the oxygen atoms located at the cluster surface. 
1.1.2 Classification of Polyoxometalates 
Two main groups can be distinguised attending to the composition of the POM skeleton. 
a) Isopolyoxometalates (isoPOMs), the general formula of which is [MmOy]q–, as they only 
contain metal and oxygen atoms. The structures of most isoPOMs originate from the removal 
of some octahedral subunits from the parent decametalate cluster, which is formed by the 
condensation of ten {MO6} octahedra linked to each other through their edges in an ideal D2d 
symmetry. The most common representatives of this group are the α– or –M8O26 octa–, 
M7O24 hepta– (parametalate–A) and M6O19 hexametalate (Lindqvist–type structure) species 
(Figure 1.3). It should be noted that meta– and cyclic polyvanadate species are also considered 
isoPOMs and thus, they belong in this group. 
 
Figure 1.3. Polyhedral representation of archetypal isoPOMs, as well as some common HeteroPOMs architectures. 
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b) Heteropolyoxometalates (heteroPOMs), of general formula [XxMmOy]q–, are composed 
not only by metal and oxygen but also by other elements X in their frameworks, which are 
denominated heteroatoms. As opposed to the addenda M centers, the nature of X is not 
restricted as most of the elements of the periodic table can fulfill the role of heteroatom with 
the exception of noble gases. Typical examples of heteroPOMs include the Keggin–type anion 
[XW12O40]n– with a tetrahedral heterogroup (X = SiIV, GeIV, PV), the Wells–Dawson specie 
[X2W18O62]n–derived from the Keggin anions that contains two tetrahedral heteroatoms (X = PV, 
AsV) and the Anderson–Evans [XM6O24]n– cluster, which shows an octahedral heteroatom 
where X denotes a 1st row transition metals (Figure 1.3). 
1.1.3 The Keggin–type Anion: Isomeric, Lacunary and Substituted species 
While it is common knowledge that J. J. Berzelius was responsible for the synthesis of 
the first polyoxometalate back in 1826,12 the Elhuyar brothers were the first chemists that had 
successfully prepared a tungsten–containing POM almost 40 years before Berzelius’ work in 
1783.13 However, it was not until 1933 that J. F. Keggin determined the structure of that first 
POM, the H3[PMo12O40] heteropolyacid, using powder X–ray diffraction technique.14 From then 
on, the worldwide interest in POM discipline and the rate of discovering novel species have 
steadily increased over the years. 
The {XM12O40} Keggin–type structure is one of the most important type of POMs and it is 
formed by the condensation of {MO6} octahedral subunits in the presence of a tetrahedral 
{XO4}n– anion in acidic medium. The Keggin anion is composed of four {M3O13} trimers, each 
one constituted by three edge–sharing {WO6} octahedra linked to each other and to the 
central {XO4} tetrahedron by corner–sharing in an ideal Td symmetry (Figure 1.4). Keggin–type 
HeteroPOMs show up to five structural isomers (Baker–Figgis isomers) that originate from the 
parent {α–XM12O40} anion by the 60° rotation of one (), two (), three () or four () M3O13 
trimers (Figure 1.4). While the α,  and  isomers have been widely observed in the 
silicontungstate subfamily,15 reports on compounds containing the much less stable – and – 
are limited to just one example each, which are the aluminum–based 
[(AlO4)Al12(OH)24(H2O)12]7+ cationic cluster 16  and the lanthanum–stabilized [ε–
PMo12O36(OH)4{La(H2O)4}4]4+ phosphomolybdate,17 respectively. 
 
Figure 1.4. Baker–Figgis isomers of the Keggin–type structure. 
Increasing the pH of the reaction medium promotes the removal of some {MO6} 
octahedra from the parent plenary Keggin anion leaving vacancies in the inorganic framework. 
The resulting lacunary POMs have higher charges, hence increased basicity and nucleophility 
than their parent complete species. Consequently, they react quite easily with a variety of 
electrophilic groups in water or in non–aqueous solvents. In this sense, up to nine different 
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lacunary species can be prepared starting from the plenary Keggin {α–XM12O40} cluster (X = Si, 
Ge) as seen in Figure 1.5. This way, the removal of one or three subunits from the α–keggin 
generates the mono–(α–XM11O39) and trilacunary {α–XM9O34} species, respectively. Depending 
on the connectivity of the removed trimer, both α– and –trilacunary anions exhibit two 
possible isomers: {A–α–/A––XM9O34} if the lost trimer is an edge–sharing one, or 
alternatively, {B–α–/B––XM9O34} isomers when a corner–sharing trimer (a triad) is 
eliminated. In contrast, three different monolacunary –isomers can be formed depending on 
the position of the resulting vacancy because of the lower symmetry of the {–XM11O39} 
cluster compared to that of the {α–XM11O39} isomer. This way, the 1–monolacunary shows the 
vacancy in the triad opposite to the 60° rotated trimer, 2 in the central belt and 3 in the 
rotated trimer. As opposed to the former isomers, only one divacant specie {XM10O36} have 
been reported so far for the  isomer. In certain conditions, lacunary species can suffer further 
condensation reactions resulting in new interesting structures. One such well–known 
heteroPOM is the {α–X2M18O62} Wells–Dawson structure, which is formed by the assembly of 
two {A–α–XM9O34} trilacunary Keggin fragments by corner sharing as can be seen in Figure 1.1. 
Interestingly, the lacunary derivatives of Keggin or Dawson–Wells HeteroPOMs exhibit the 
ability to act as multidenate inorganic ligands toward a wide variety of metallic centers such as 
transition metal or lanthanide atoms, which result in the formation of 3d– or 4f– substituted 
species, respectively.18 
 
Figure 1.5. Scheme of the chemical equilibria between the different plenary and lacunary species in aqueous 
solution for the heteropolyoxotungstate family (X = Si, Ge). 
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1.2 HYBRID POMs: ORGANIC FUNCTIONALIZATION 
The combination of organic moieties and inorganic POM clusters represents one of the 
current hot topics in synthetic POM chemistry due to the possibility of combining two 
components with different characteristics into a single material to obtain unusual properties 
born from the synergy that could result in novel applications. The resulting hybrid POMs are 
considered a key factor for the incorporation of these nanoclusters into not only functional 
materials like carbon nanotubes or polymeric matrixes, but also to interact with diverse 
surfaces (oxides such as alumina or silica, and highly oriented pyrolytic graphite) and even with 
metallic nanoparticles.19,20 Hybrid POMs can be classified into two groups attending to the 
nature of the interaction forces that exist between the two different building blocks, namely, 
non–covalent and covalent interactions, respectively. The first group (class I) consist on 
systems where only electrostatic interactions are involved while in the second group the 
organic and inorganic moieties are covalently attached to each other (class II).20 In this sense, 
the covalent approach offers several advantages since covalent bond improves the stability of 
the resulting hybrid and might enhance the interaction between the inorganic and organic 
components facilitating the construction of novel POM–based integrated systems.19b Indeed, it 
has been widely demonstrated that the presence of covalently bonded organic ligands can 
bring new functionalities to the system allowing the elaboration of unique materials and 
devices,20 as evidenced by the characterization of surfaces patterned with POMs,21 as well as 
the synthesis of fluorescent22 and catalytic23 POM–based functional materials, among others. 
Considering the latter route, four different approaches have been stablished that allow the 
synthesis of covalent hybrid POMs at a precursor scale.20 These synthetic strategies are based 
on the nucleophilic character of the terminal oxygen atoms, the substitution of oxo groups of 
the POM by organic ligands and/or the use of 3d– or 4f metallic centers (transition metal or 
lanthanides) as well as other electrophilic groups bearing specific organic groups. 
1.2.1 p–block Organoderivatives 
One of the most studied methods to achieve the organic functionalization of POMs 
consist on reacting p–block organoderivatives such as organosilyl, –germyl, –phosphoryl, –
stibyl or –stannil moieties with lacunary polyoxotungstates. Compared to the reactivity of the 
terminal oxygen atoms of the plenary anion, the higher nucleophilic character of the O atoms 
delimiting the lacuna facilitates the reaction toward electrophile groups. Two main synthetic 
strategies have been developed so far for the preparation of these types of hybrid POMs. The 
first approach requires the POM to be phase transferred to an appropriate organic solvent like 
DMF or acetonitrile, after which is reacted with a fitting reactant such as organotrichlorosilane. 
In the second approach however, no prior phase transfer is required as the reaction between 
the lacunary heteroPOM and the organoderivative is carried out in a mixed water/organic 
solvent such as CH3CN/H2O or CH3OH/H2O in the presence of an acid. The organoderivative 
moieties are either preformed or they can be further postfunctionalized after their 
incorporation into the lacuna of the vacant cluster. It must be highlighted that most of the 
work concerning these types of hybrids fall back into the RSi, RP and RSn derivatives, as few 
reports exist for RGe and RSb functionalized POMs (Figure 1.7.). 
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The first organosilyl derivatives, namely [SiW11O39{O(SiR)2}]4– (R = C2H5, C6H5, NC(CH2)3, 
C3H5), were not reported until 1979 by Knoth and coworkers.24 Following this pioneering work, 
a large variety of organosilyl groups have been successfully attached to monolacunary Keggin– 
or Dawson–Wells–type clusters by numerous authors.25 In a similar fashion, several studies 
describing the incorporation of organosilyl fragments into di– or tri–lacunary Keggin units have 
been also reported. 26  Some of such compounds have been linked to gold or latex 
nanoparticles, combined with polymers and even post–functionalized to add new organic 
groups. 27  While the combination of organosilyl and lacunary POMs have been well 
documented, comparatively far less studies have been carried out regarding organogermyl 
derivatives, as just a handful of papers describing such compounds can be found.28  
 
Figure 1.6. Some representative and structurally diverse examples of hybrid POMs with p–block organoderivatives. 
Alternatively, organophosphonates have been mostly employed in the organic 
derivatization of lacunary polyoxotungstates, Strandberg–type diphosphopentamolybdates 
and various polyoxovanadates, with a strong focus on optical activity.29 In comparison, 
organotins have been extensively used in the past few years due to several factors which 
include the high stability of the Sn–C bond in aqueous media, the capacity of SnIV to substitute 
addenda WVI centers in POM skeletons owing to their similar sizes and the possibility to easily 
characterize the resulting hybrid species in solution using 119Sn–NMR spectroscopy. These 
syntheses are usually carried out in aqueous medium by reacting organotrichlorotin reagents 
with preformed lacunary POMs, as exemplified by the studies initiated by Knoth et al., and 
later on followed up by Liu’s group, regarding the reactivity of monoorganotin groups with 
mono–, di– and trivacant Keggin or monovacant Wells–Dawson polyoxotungstates.30 Pope et 
al. reported sandwich–type organotin–derivatives starting from trilacunary [α–XW9O33]9– (X = 
AsIII, SbIII) polyoxotungstates31  whereas Hasenknop’s group successfully reacted lacunary 
Dawson–Wells POMs with organotin moieties carrying pendant reactive groups (carboxylic 
acids, alkynes or azides) which allowed them to graft a huge variety of additional organic 
groups by amide formation or click chemistry.32 Hussain et al. used phenyl– and dimethyltin 
moieties in combination with polylacunary POM clusters which led to the formation of large 
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structures. 33  Similarly, Kortz and coworkers reported the dodecameric ball–shaped 
[{SnMe2(H2O)}24{SnMe2}12(A–XW9O34)12]36– (Me = CH3 and XV = P, As) macroanion by using 
diorganotin linkers with trilacunary heteropolyoxotungstates. 34  In contrast, much like 
organogermyl derivatives, only a couple of works have been reported regarding organostibil 
moieties, which show organometallic moieties trapped between two trilacunary fragments. 
The potential biological activity as antimicrobial agents was evaluated for such hybrids.35 
1.2.2 Replacement of Shell Oxygen Atoms 
This second approach consists on the substitution of surface oxygen atoms of the POM 
cluster with those belonging to either O– or N–donor ligands. Typical examples following this 
procedure are the covalent attachment of trisalkoxo–ligands to Anderson–Evans type 
polyoxomolybdates, Lindqvist–type hexavanadates or trivanadium–capped Well–Dawson 
phosphotungstate derivatives, as well as the reaction of organoimido/diazenido ligands toward 
Lindqvist–type hexamolybdates. 
In the case of Anderson–type POMs,36 the general formula of which is [HyXM6O24]n− (y = 
0–6; n = 2–8; M = MoVI or WVI; X = central heteroatom), the organic moieties are linked to both 
sides of the plane defined by the metal atoms where the trisalkoxo ligand caps the two 
opposite triangular faces of the central {XO6} octahedron (δ–coordination mode). Organic 
functionalization of Anderson–type clusters have succeeded so far exclusively for trivalent 
transition metal (XIII = CrIII, MnIII, FeIII) polyoxomolibdates with a wide diversity of organic 
groups such as alkyl chains, alkenes, alcohols, amines and nitro groups, or even polycyclic 
molecules such as pyrene or terpyridine.37 Some of the latter have been further derivatized by 
linking to active catalytic metal centers like Pd or Ru, whereas others exhibited photoactive 
properties or the ability to self–assemble into vesicles in solution.38 Remarkably, both single–
side and asymmetric organic functionalization of anderson type polyanion have been recently 
achieved by Wei’s and Cronin’s groups.39 In 2002, Hasenknopf and coworkers reported the 
only known example to date of a divalent metal containing polyoxomolibdates (XII = Ni, Zn) 
where the tris(alkoxo) ligands caps a tetrahedral cavity (χ–coordination mode) instead of being 
bound to the central heteroatom {XO6} of the heteropolyoxomolybdate40 (Figure 1.7). 
Trisalkoxo ligands have been also used to prepare several difunctionalyzed hybrid 
Lindqvist–type hexavanadates, the postfunctionalization of which resulted in fluorescent 
compounds or coordination polymers with catalytic activity.41 The grafting of the trisalkoxo 
ligands occurs almost exclusively in a trans fashion, although a few examples have been 
reported where a cis–coordination mode is observed, as published firstly by Müller and 
coworkers back in 1995. 42  Kortz et al. reported lone–pair heteroatom containing 
hexamolybdates in which the inner O atoms of the clusters were substituted by the carboxylic 
oxygen atoms of amino acid ligands.43 The organic derivatization of V3–Dawson–Wells clusters 
have been also achieved by using tris(hydroxymethyl) ligands capping the {V3O13} trimmer,44 
resulting in some hybrids which can self–assemble into vesicles in acetone/water solutions.45 
Relatively small organic molecules carrying amide and diol groups {RCONHC5H9(OH)2} have 
been used to replace the shell O–atoms of the V3–Wells–Dawson POM, as well.46  
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Figure 1.7. Some representative examples of hybrid POMs with substituted shell O–atoms (R = R’ symmetric 
functionalization; R ≠ R’ asymmetric functionalization). 
The organic functionalization of Lindqvist–type hexamolybdates with N–donor ligands 
was initiated by the pioneering work conducted by Zubieta and Maata, who reported the first 
example of a polyoxomolybdate–based organoimido derivative.47 The general method for the 
preparation of such hybrid polyoxomolybdates consisted on the refluxing of the 
hexamolybdate precursor in pyridine together with variable equivalents of isocyanates, which 
yielded both mono–or di–organoimido derivatives.48 Later, Peng designed a more efficient 
synthetic process involving the use of dicyclohexylcarbodiimide in acetonitrile, which has 
become the conventional method for the functionalization of Lindqvist–type POMs. 49 
Interestingly, Gao et al. demonstrated that not only terminal but also bridging oxo ligands are 
susceptible to be replaced by organic imido–type ligands.50 Several studies have exposed the 
potential applicability of this type of hybrids as antitumoral and herbicidal agents, while non–
linear optical activities for some of them were also observed and evaluated by Xue and 
coworkers.51 Recently, Zhang et al. reported the synthesis of unusual chiral rod–like molecular 
triads constituted by two Lindqvist–type molibdates that are connected to a central Anderson 
cluster through bridging trisalkoxo organic ligands. While the trisalkoxo ligands reacts with the 
Anderson cluster from both sides, the pendant amino groups forms an imide bond with the 
Lindqvist units.52 Closely related but far less studied organodiazenido derivatives are usually 
synthetized starting from a phosphazine.53 
1.2.3 Organic Derivatization of 3d–/4f–Metal Substituted POMs 
As opposed to the modern methods described above, the incorporation of metallic or 
lanthanide centers into the vacancies of lacunary derivatives is the oldest and consequently, 
the most extensively studied reactions in synthetic POM chemistry. Three main methods can 
be distinguished within this strategy and they consist in: a) replacing labile solvent or small 
molecules (like acetate anions or aqua ligands) with organic ligands; b) adding transition metal 
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complexes to lacunary POMs; c) using one–pot procedures by mixing a tungstate salt, a 
heteroatomic source, the transition metal and the organic ligand. 
Unfortunately, the first route requires the use of solution stable 3d or 4–f metal 
substituted POMs with exposed metallic centers in order to achieve the ligand exchange 
reaction, which is rather difficult and hence, this approach remains mostly unexplored 
compared to the other two routes. The first attempts to apply this method were carried out by 
replacing the water molecule of 3d–monosubstituted Keggin–type [M(H2O)(XW11O39)]n– anions 
with N–donor ligands such as imidazole or pyridine derivatives. Latter on, substitution of that 
same water molecule with more sophisticated ligands like 4,4’–bipyridine under hydrothermal 
conditions was achieved.54 Alternatively, ruthenium monosubstituted POMs have been widely 
studied due to their catalytic properties as well as their capacity to form Ru–C bonds.55 
Monodentate N–donor ligands like pyridine, imidazole as well as ethylendiamine ligands have 
been also reported to be able to exchange water molecules of several Weakley 
[M4(H2O)2(XW9O34)2]n– and Hervé–type [M3(H2O)3(XW9O33)2]n– sandwich structures.56 The first 
examples of a POM showing embedded chelated metals were reported by Pope, which consist 
in ethylendiamine chelated Co metal centers encapsulated between two {PW9O34} or {PW10O38} 
lacunary Keggin units or lacunary hexamolybdates57 (Figure 1.8). In a similar fashion, Wang et 
al. prepared a hexamethylenetetramine bridged decanuclear FeIII cluster sandwiched by two 
{P2W13O51} clusters.58 The one–pot reaction of tungstate and phosphate together with a NiII salt 
and N,N’–bis(2–hydroxyethyl)piperazine (bhep) ligand resulted in the encapsulation of a metal 
chelate within a dilacunary Keggin POM. In addition, the formation of a dimeric cluster 
constituted by two trilacunary Keggin–type {PW9O34} fragments containing nine divalent Co 
ions bridged by three bhep ligands was observed in similar reaction when the pH of the 
reaction medium was increased.59 
 
Figure 1.8. A generic transition metal monosubstituted Keggin–type polyoxotungstate together with some 
representative and structurally diverse 3d–metal substituted hybrid polyoxoanions. Organic ligands: imc = 1 H–
imidazole–4–carboxylate, en = ethylendiamine, 2,3–pyzdc = pyrazine–2,3–dicarboxylate. A hexameric giant 4f–
substituted POM with accesible water molecules susceptible for organic derivatization is also shown. Small green 
spheres of the organic ligands stand for N atoms. 
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In 2005, Hill’s group prepared two enantiomerically pure compounds formed by malate 
or tartrate ligands coordinated to ZrIV–substituted polyanions, where the metal centers bridge 
two lacunary {P2W15O46} Wells–Dawson subunits.60 It is also worth highlighting the outstanding 
work carried out by B. Artetxe. Within this work, a well–documented systematic study on the 
organic functionalization under mild conditions of transition–metal–disubstituted Krebs–type 
[{M(H2O)3}2{WO2}2(SbIIIW9O33)2]10− (MII = Mn, Co, Ni, Zn) POMs with several N,O–chelating and 
N,O–bis(bidentate) bridging organic ligands is described, as well as the synthesis and full 
characterization of some new 4f–metal containing clusters or 3d–4f heterometallic species61 
(Figure 1.8). Analogously, Rousseau et al. performed systematic studies under bench 
conditions in order to develop a general method for the functionalization of 3d–substituted 
POMs containing carboxylate ligands. This work resulted in the preparation of hybrids with 
varied dimensionalities constructed from [B–α–XW9O33]9– Keggin clusters substituted by 
multiple Cu or Ni metal centers which were linked to several different carboxylate ligands62 (3–
thiopheneacetate, p–phenilenediacetate, glutarate as well as β–alanine and γ–aminobutyric 
aminoacids). 
Finally, it must be noted that the synthesis of organically derivatized POMs in organic 
solvents have been successfully carried out, even though only a handful of such studies have 
been reported to date.63 In comparison, hydrothermal methods have been identified as an 
excellent alternative for the preparation of such type of hybrids as evidenced by the formation 
of high dimensional POM–based metalorganic frameworks by Yang and coworkers.64 
1.2.4 Grafting of Transition Metal Complexes at the POM Surface 
In the previous section, the transition–metal ions (or lanthanide cations) were 
coordinated to lacunary polyoxometalate fragments via M–O bonds with the nucleophilic 
oxygen atoms delimiting the vacancy, but these electrophilic groups can also be attached 
although more weakly to saturated POM clusters through terminal or bridging oxygen atoms 
located at the polyanion surface. Since the 3d–metal center is bonded only to one or two 
terminal oxygen atoms, several positions in the coordination sphere of the metal remain 
available to coordinate to an organic ligand. Thus, this approach allows the possibility of 
decorating POM clusters with more sophisticated organic ligands results in hybrids with varied 
dimensionality, which depends on the chemical nature and structure of the organic ligand. 
Although this kind of syntheses were traditionally performed under bench conditions, a 
huge number of hybrid structures have been prepared using hydrothermal methods in the last 
decades. This work was initiated by Zubieta et al. on polyoxomolibdates and in particular –
vanadates, and was later expanded to the –tungstate family.65 Since then, several groups have 
studied the synthesis of hybrid species by grafting different 3d–metal moieties at POM 
surfaces to incorporate additional catalytically or magnetically active centers in the system, 
which resulted in the formation of hybrid POMs with varied topologies and structural motifs. 
In this sense, systematic studies include those carried out in our group under both mild bench 
and hydrothermal conditions. The former includes the rational self–assembly of in situ 
generated plenary Keggin–type silicotungstates or copper(II)–monosubstituted 
[SiW11O39Cu(H2O)]6– species and dinuclear CuII–bridging caboxylate cationic complexes 
[{Cu(phen)(H2O)2OAc}2]2+ and [{CuL(H2O)2}2ox]2+ (L = phenantroline, 2,2’–bipyridine), which led 
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to discrete molecular polyanions, monodimensional hybrid arrangements or even extended 3D 
coordination networks.66 Hydrothermal conditions were successfully applied in the preparation 
of novel organic–inorganic compounds based on Keggin–type silico– or germanotungstates 
and copper complexes as well. Organic ligands include the N–donor bidentate 2,2’–bipyridine, 
1,10–phenantroline and 2,9–dimethyl–1,10–phenantroline, bridging 4,4’–bipyridine and 1,2–
bis(4–pyridil)ethane, or tetradentate cyclam, diamino–dipyridin–type species and their 
methylated derivatives.67 Some remarkable examples of these types of hybrids structures have 
been reported by other groups within the last two decades, such as the “porphyrin 
hamburger” formed by a plenary keggin cluster decorated by two porphyrin metalorganic 
complexes in a trans–fashion; porous structures with uncommon sorption properties, hybrids 
showing accessible catalytic Ag or Ru metallic centers; or even compounds generated by the 
inclusion of chiral neutral ligands like L–proline into chiral POMs exhibiting applications in 
asymmetric catalysis.68 
The general synthetic method is pretty straightforward, as it usually consist on preparing 
a solution for each building block and mixing them under appropriate experimental conditions 
of pH, temperature, pressure (hydrothermal), stoichiometry, reaction time, ionic strength and 
so on. Depending on the inorganic precursor, two slightly different synthetic strategies may be 
distinguished within this general functionalization procedure. The first one consist in dissolving 
crystals of the preformed POM precursor whereas the other is carried out by mixing 
appropriate amounts of the adequate reactants at a suitable pH to form in situ the desired 
cluster precursor in solution before adding the complexing metalorganic units. Usually, the 
former approach results in better yields. One must take into consideration the total charge of 
the POM and that of the metalorganic building blocks to assure that enough quantities of the 
latter are used for charge compensation purposes. This way, the incorporation of other cations 
present in the medium to the POM structure can be avoided, and thus, extended hybrid 
structures usually arise from the interaction between the building blocks when ligands with 
various free vacant coordination sites are used. Alternatively, small quantities of the 
metalorganic component favors the formation of low dimensional hybrids such as molecular 
0D and 1D arrangements as the functionalization degree is lower. In the same fashion, the pH 
plays a vital role in maintaining the desired POM structure in solution and should be always 
monitored before and after adding the metalorganic units to the reaction medium to assure 
the cluster stability. Regarding the organic components, steric effects and electrostatic 
repulsion between anionic ligands and the polyoxoanions sometimes make the 
functionalization challenging. Overall, neutral or positively charged and relatively small ligands 
will react more easily than larger anionic ligands. The ionic strength of the medium also seems 
to affect greatly the degree of the functionalization in some cases as evidenced by great 
differences in yield when using aqueous saline solutions instead of simple water. In a similar 
fashion, buffered reaction medium is sometimes required to achieve the desired 
functionalization in some specific synthetic systems.  
These types of hybrid compounds derived from grafting metal complexes at surface 
oxygen atoms of the clusters usually display a significant drawback in terms of predictability, 
which is originated from the limited control of the anchoring position, as there are several 
oxygen atoms per cluster susceptible for coordination. However, this approach provides 
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several advantages compared to the other methods. In this sense, usually no harsh conditions 
are required as temperatures below 50 °C and even room temperature confers enough energy 
to achieve the organic functionalization in numerous cases. Similarly, there is no need to 
employ organic solvents and/or complicated and tedious multistep procedures since most of 
the time the functionalization takes place in simple aqueous solution and even with low 
reaction times (1 or 2 hours). Because of all this, this method can be considered an excellent 
option to carry out the organic functionalization of POMs to construct new hybrid 
architectures that could display novel or enhanced properties compared to those of the 
individual building blocks. 
 
Figure 1.9. Dimensional diversity of some hybrid POMs with grafted transition metal 3d–complexes. Organic 
ligands: bpmpn = N,N'–dimethyl–N,N'–bis(pyridin–2–ylmethyl)–1,3–diaminopropane, bpy = 1,4–bipyridine, tpypyz = 
tetra–2–pyridylpyrazine, L = 5,5,7,12,12,14–hexamethyl–1,4,8,11–tetraazacyclotetradecane. Green spheres of the 
organic ligands stands for N atoms. 
1.3 COMPLEXES OF MACROCYCLIC POLYAMINES: THE CYCLAM LIGAND 
Macrocyclic polyamine ligands have been generating continuous interest due to their 
biological relevance, as there are many examples of metal complexes of naturally occurring 
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macrocyclic ligands such as porphyrin or corrin ring derivatives, and their importance in 
coordination chemistry.69 In this sense, saturated macrocyclic polyamines exhibit a different 
chemical behavior compared to that of mere assemblies of amines or linear polyamines.70 For 
example, Hancock et al. demonstrated that the protonation constants (pK) of tetraaza 
macrocycles differ greatly from those of open–chain tetraamine analogues.71 Macrocyclic 
structures are also extremely favorable for metal complexation, so much in fact that the effect 
of increased stability of a macrocyclic polyamine complex over that of similar linear tetraamine 
ligands is known as macrocyclic effect.69,72 The strong affinity as well as the selective binding of 
certain metals shown by tetradentate macrocylic polyamines has allow them to be used as 
models for molecular carriers in biological systems,73 as catalysts with active sites that mimic 
metalloenzymes,74 and as anti–HIV agents,75 among others. 
 
Figure 1.10. Chemical structure of the cyclam ligand and its methyl derivatives along with the five possible 
configurations that the cyclam ligand can adopt. The most common trans–III configuration is highlighted (DMC = 
1,8–dimethyl–1,4,8,11–tetraazacyclotetradecane; TMC = 1,4,8,11–tetramethyl–1,4,8,11–tetraazacyclotetradecane). 
As one of the most used tetraazamacrocycles, the fourteen–membered cyclic 
tetraamine cyclam76 (1,4,8,11–tetraazacyclotetradecane) ligand is flexible enough to bind 
various cations including transition metals, often leading to complexes with very high 
thermodynamic and kinetic stability with respect to metal ion dissociation. The cyclam 
molecule was first synthetized in 1937 by Van Alphen through the reaction of 1,3–
dibromopropane and ethylenediamine.77 It is a white solid with formula C10H24N4, a molar mass 
of 200.33 g moI–1 and highly soluble in water and chloroform, whereas it is insoluble in 
acetonitrile. Complexes of the cyclam ligand feature four secondary chiral amines with 
alternating five and six–membered chelate rings (Figure 1.10). Even though most of the studies 
concerning transition metal complexes of cyclam derivatives reside within the fields of biology 
and biomedicine,78  Ni–cyclam derivatives have shown a promising activity towards the 
catalytic reduction of CO2. These studies were initiated by Fischer and Eisenberg79 in 1980, 
although it was not until six years later when Sauvage and coworkers demonstrated that 
[Ni(cyclam)]2+ was unique in its efficiency and selectivity for CO2 reduction in aqueous solutions 
with minimal production of H2.80 Because of that, up until now several studies have been 
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reported regarding the catalytic behaviour of Ni–cyclam complexes, which is a topic that still 
attracts significant attention nowadays.81  
Most first row transition–metals can bind to the cyclam ligand as metallocyclam 
complexes of V, Cr, Mn, Fe, Co, Ni, Cu and Zn can be found in the Cambridge Structural 
Database (CSD) as well as some 4d (Tc, Ru, Rh and Pd, Ag, Cd) and even 5d–containing 
structures (Re and Pt). Upon metal coordination, there are five possible configurations for 
metallocyclam complexes depending on the ligand conformation, and more specifically, on 
whether the N–H bonds of the four chiral nitrogen atoms are located above or below the MN4 
plane: RSRS, RSRR, SSRR, RSSR, and RRR; which are designated as trans–I to trans–V, 
respectively82 (Figure 1.10). The energies of the different configurations have been estimated 
on the basis of molecular models and calculated using semi–empirical methods, molecular 
mechanics as well as local density functional theory. The semiquantitative estimates of the 
relative strain energies for each of the five isomers were calculated by Bosnich and 
coworkers82 and later corroborated by Whimp et al., which have shown that the most 
favorable configuration of a NiII–cyclam complex with octahedral geometry is the trans–III 
one.83 Molecular mechanics calculations have also demonstrated that the trans–I configuration 
gains stability over the trans–III when going from an octahedral Ni(II) environment to square–
planar, square–pyramidal and trigonal–bipyramidal geometries in NiII–cyclam complexes.84 
From the analysis of all the nickel complexes containing the cyclam backbone in CSD, Donnelly 
and Zimmer observed that the most commonly found configuration and thus, the most stable 
one, is indeed the trans–III (SSRR).85  The vast majority (77.8%) of octahedral nickel(II) 
complexes with a 1,4,8,11–tetrasubstituted cyclam derivatives adopt a trans–III configuration, 
while just 22.2% exhibit the trans–I. For the square–planar, square–pyramidal, and trigonal–
bipyramidal molecules, however, the situation is reversed. Only 26.7% adopt the trans–III 
configuration while the other 73.3% prefer the trans–I conformation. These results are in 
perfect agreement with the molecular mechanical calculations. Similar results were reported 
for Cu(II) complexes by Bakaj and Zimmer.86 
Regarding the stability of such complexes, there are both enthalpy and entropy 
contributions to the macrocyclic effect mentioned above compared to the complexes formed 
by the analogous open–chain 1,4,8,11–tetraazaundecane.78b In this sense, the alkylation of the 
N atoms of the cyclam ligand leads to a reduction in the complexing ability, as evidenced by 
the decrease of the pK values corresponding to the TMC (TMC = 1,4,8,11–tetramethyl–
1,4,8,11–tetraazacyclotetradecane) derivative compared to those obtained for the non–
methylated cyclam (Table 1.3). For example, log K drops significantly from 27.2 for Cu(II) 
cyclam complex to 18.3 in the case of the TMC methylated derivative. This fact can be 
explained taking into account the large increase in steric strain that results from the 
incorporation of methyl groups to the cyclic tetraamine. Variables such as pH and the 
oxidation state of the metal also affect the stability of metallocyclam complexes, which may 
very well lead to their demetallation.87 For instance, at low pH the free cyclam ligand is easily 
protonated which induces a shift in the equilibrium towards dissociation.87a The hole size 
provided by the macrocyclic ligand has a major influence on the stability of cyclam complexes 
regarding the oxidation state of the metal, since variations of the latter alter the size of a given 
metal center. In some cases, the changes in the metal radii can result in a mismatch between 
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the size of the cyclam ring and the metal, decreasing the overall stability of the resulting 
cyclam complex.87b The conformation of the tetraazaligands also show an important influence 
over the stability, as metal exchange reactions may or not occur depending on the 
conformation of the starting metallocyclam complex.88 
Table 1.3. Stability constants (log K) for cyclam and TMC complexes and ionic radii (r) of selected  transition metals. 
Ref78b Co2+ Ni2+ Cu2+ Zn2+ Cd2+ Hg2+ 
r (pm) 75 69 72 74 97 110 
Log K (cyclam) 12.7 22.4 27.2 15.5 11.7 23 
Log K (TMC) 7.9 8.6 18.3 10.4 9.0 20.3 
        TMC = 1,4,8,11–tetramethyl–1,4,8,11–
tetraazacyclotetradecane).
Figure 1.11. Top and lateral view of the ball&sticks representation of a trans–III M(cyclam)}2+ building block showing 
the potential H–bonds that it can form. N–H···X contacts are depicted as straight lines whereas C–H···X interactions 
are shown as dashed lines. Color code: H···X contacts above (red) and below the MN4 plane (blue), and those in the 
laterals (green). 
In regards to their capacity as building blocks, transition metal complexes of macrocyclic 
polyamines such as metallocyclam are excellent candidates for the constructions of high–
dimensional hybrid frameworks, as four of six–coordination sites of the metal ions are blocked 
by the ligand, only the two axial coordination sites are vacant for coordination, and hence the 
geometries of the metal ions are easier to control. Moreover, since POMs often exhibit large 
negative charge, the number of {M(cyclam)}2+ complexes required to achieve electroneutrality 
is usually high, which in turn increases the number of coordination sites between clusters, 
raising the possibility of generating extended covalent networks. In addition, the high 
tendency shown by the cyclam ligand to establish extensive H–bonding systems with the 
inorganic building blocks significantly contributes to the overall stability of the resulting hybrid 
framework. In this context, the cyclam ligand can form up to 24 H–bonds, 4 of them being N–
H···X while the remaining bonds involve C–H···X contacts. The four hydrogen atoms of the 
secondary amines (–NH–) are located above and below the MN4 plane (Figure 1.11). The other 
20 H atoms form –CH2···X bonds and they are located in both axial and equatorial positions in 
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such a way that 10 are located above and below the MN4 plane while the remaining 10 H are 
oriented towards the periphery of the ligand. This way, metallocyclam complexes can form 7 
hydrogen bonds above and another 7 below the MN4 plane, whereas 10 more H–contacts arise 
in the laterals.  
The metallorganic building blocks can adopt up to three different roles within the hybrid 
crystal structure depending on the coordination sphere of the metal in the resulting hybrid 
structure (Figure 1.12), which are: a) bridging ligand, when the metal center is coordinated to 
two adjacent clusters, that is, both axial positions become occupied by O atoms belonging to 
different POMs. In this case, the metal adopts a distorted octahedral geometry (MN4O2); b) 
antenna ligands, when the metal is monocoordinated to a single POM, leaving the remaining 
axial position free. The complex is grafted to one POM subunit and the 3d–metal adopts a 
distorted square–pyramidal geometry (MN4O); c) countercations, when the metal center is not 
coordinated to any oxygen atoms of POM clusters. In this case, the metal adopts a square–
planar geometry (MN4). These non–coordinated complexes help reinforce the hybrid crystal 
packing through a significant network of supramolecular forces via N–H···X as well as C–H···X 
interactions, as mentioned above. The first two roles mentioned above involves the formation 
of a coordinative role and thus, they lead to the formation of class II materials, whereas 
compounds showing metalorganic blocks only fulfilling the latter role result in class I hybrids, 
as there are no covalent interactions. 
 
Figure 1.12. Ball&sticks representations of M(cyclam)}2+ building blocks with the typical trans–III configuration 
showing the different geometries and roles that they adopt in the hybrid structures described in this dissertation. 
Despite all this, it is shocking to realize that no POM–based compounds containing 
{M(cyclam)} buiding blocks in their crystal structures were reported until 2015. To our 
knowledge, these studies were limited to just three examples which consist in type II discrete 
bimetallic hybrids built from simple [MoO4]2– and [WO4]2– oxoanions and M(cyclam) (M = CrIII, 
RhIII) moieties.89 In 2015 and 2016, however, we reported the first studies regarding the 
grafting of {Cu(cyclam)}2+ complexes into some polyoxovanadates, namely meta– and 
decavanadate species, respectively90 (which will be covered in the following Chapter 2). Later, 
Ou’s group prepared a series of polyoxovanadates using {Ni(cyclam)}2+ moieties ranging from 
meta‒ to decahexavanadates.91 In contrast, several combinations of POMs and metalorganic 
complexes built from cyclam–derived ligands (such as 5,5,7,12,12,14–hexamethyl–1,4,8,11–
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tetraazacyclotetradecane) can be found in crystallographic databases. Most of them were 
reported recently and they consist in various types of POM archetypes like octamolybdates, 
Strandberg–type diphosphopentamolybdates as well as various polyoxovanadates (meta–, 
deca–, dodeca–, hexadecavanadate and the large [V34O82]10– cluster) with exclusively CuII or NiII 
metal centers, which display a wide range of different dimensionalities.92 A closely cyclam–
related organic ligand, namely 5,7,7,12,14,14–hexamethyl–1,4,8,11–tetraazacyclotetradeca–
4,11–diene (known as transdiene) has been also used recently by Sarma and coworkers to 
organically modify Lindqvist–type hexamolybdates and hexatungstates clusters (M = CoII, NiII, 
CuII and ZnII) resulting exclusively in type I hybrids.93 
The interesting properties, chemical nature and its potential capacity as a bridging 
building block and H–bonding reinforcing unit as well as the absence of any reports concerning 
M(cyclam)–containing POM–based compounds motivated us to use metalorganic complexes 
of this tetraazamacrocyclic ligand to attempt to construct novel functional high–dimensional 
porous polyoxometalate hybrids with a strong focus on catalytic and/or sorption–related 
properties. 
1.4 POM–BASED OPEN–FRAMEWORKS 
In the last decades, porous crystalline materials such as metal–organic frameworks 
(MOFs) have attracted great attention due to their wide range of relevant applications.94 These 
materials are constructed by coordination of metal ions or metal–containing units (nodes) to 
organic bridging ligands (linkers) to form open crystalline frameworks with permanent 
porosity. This feature qualifies them as suitable candidates for gas storage and separation, ion 
exchange, host–guest chemistry, magnetism, biomedicine and catalysis. 95  However, the 
synthesis of MOFs usually requires harsh conditions (e.g. high temperature or pressure, 
prolonged reaction times, harmful solvents, etc.), and removal of guest molecules from their 
cavities can often lead to the collapse of the porous structure when flexible linkers are used. In 
this context, the incorporation of rigid and voluminous species such as metal clusters could 
increase the overall mechanical and thermal stability of the hybrid network leading to the 
generation of robust frameworks.  
Among metal clusters, polyoxometalates have been identified as excellent building 
blocks for the construction of such robust, high–dimensional open structures.96 Moreover, 
POM–based crystalline solids with permanent porosity are of great interest because inherent 
features of POMs such as reversible redox properties or high catalytic site density can be 
combined with the characteristics derived from open–framework structures. 97  Several 
examples have been reported during the last few years including both supramolecular ionic 
compounds and covalent extended lattices (POMOFs). The former can be exemplified by 
Mizuno’s series of hybrid salts in which [M3O{RCO2}6L3]+ macrocations (MIII = Cr, Fe; L = 
terminal ligand) are combined with Keggin–type [XM12O40]n– (X = BIII, SiIV, PV; M = WVI) 
heteropolyanions in microporous structures with tunable shape–selective sorption ability.97 
Among POMOFs, four different approaches for assembling clusters into extended lattices can 
be identified according to Wang et al.:98 a) organically derivatized POM units linked by metal 
ions;99 b) POM clusters directly connected by metal ion linkers in fully inorganic open–
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frameworks;100 c) metal–substituted POMs connected through organic bridging ligands;101 d) 
POMs connected through metal–organic ligand–metal linking fragments.102 Compared to 
MOFs, the synthetic requirements for the assembly of POMOFs usually involve milder 
conditions, aqueous reaction media and easier counterion exchange. Moreover, configurable 
and more diverse architectures can be achieved in the resulting compounds because POM 
building blocks possess specific topological and chemical information that can be transferred 
to the final product.96 A fifth subclass closely related to type b) above could also be proposed: 
that in which the metal ion linkers belong to discrete coordination complexes with peripheral 
organic ligands97,19c (Scheme 1.1). 
 
Scheme 1.1. Schematic representation of the four main approaches to connect POMs according to Wang and co–
workers (a to d). A fifth approach using cyclic organic ligands is proposed in (e). M: transition metal ions. 
Even though a considerable number of covalent extended networks based on POM 
clusters connected through metalorganic moieties have been prepared so far, to the best of 
our knowledge none of such hybrid compounds have exhibited genuine functions associated 
with porosity (e.g. adsorption, separation). This fact might be mainly due to the presence of 
pores with small sizes and/or inaccessible voids or dynamic frameworks that collapse under 
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the activation of the sample. Thus, the preparation of such type of functional porous open–
frameworks is still a challenging issue in current synthetic POM chemistry. 
1.5 SINGLE–CRYSTAL–TO–SINGLE–CRYSTAL TRANSFORMATIONS 
Solid state reactions and transformations induced by a given external stimulus applied 
on a responsive material have been long considered an attracting topic within material science 
because of the possibility of obtaining products with compositions, architectures as well as 
bulk physical properties different from those achievable by following alternative routes. 
Controlling the applied stimulus may open the possibility of tuning such responsive materials 
making them suitable for a wide range of potential applications including switches, storing 
devices or sensors. 
Among solid–state phase transitions, those in which the crystalline order and integrity 
are maintained along the process are known as single–crystal–to–single–crystal 
transformations (SCSC). The occurrence of SCSC phase transitions is a powerful tool to 
characterize the structure of the functional materials that result from applying a given external 
stimulus (heat, light, pressure, etc.), which are usually not accessible by conventional direct 
synthetic routes.103 They allow the exact monitoring of how the location of atoms and 
molecules change within the structure as a result of the external stimulus and hence, detailed 
structural information can be achieved for a better understanding of the transformation 
mechanisms and their relationship with the properties subject of interest.104 In rare cases, 
transient intermediate phases coexisting with the initial and/or final stages of the SCSC 
transformation can even be detected and its structure fully determined.105 These type of 
responsive materials can be classified into two main groups depending on their structural 
behavior upon applying the external stimulus: dynamic and robust frameworks. For dynamic 
materials, SCSC transformations usually involve the cleavage and formation of coordination or 
covalent bonds, as well as rearrangement of the network of intermolecular interactions that 
stabilize the crystal packing, and hence they often are accompanied by dramatic structural 
modifications with changes in properties like the color, magnetism, luminescence or the ability 
to adsorb different molecules. In comparison, the SCSC transformations on robust frameworks 
do not result in significant structural modifications regardless of the compositional and 
functional changes that the latter may undergo when promoted by evacuation, incorporation 
or exchange of solvent or guest molecules, or even by variations in the oxidation states of the 
constituent atoms or changes in the overall charge. A third class of materials may also be 
proposed, in which compounds for which different interconvertible crystalline polymorphic 
forms exist as a result of order–disorder transitions belong, as well as cases where atoms 
suffer slight motions that can change or even break the crystal symmetry. 
In recent years, SCSC transformation processes triggered by different types of external 
applied stimuli have been reported for numerous systems, both purely organic106  and 
inorganic. 107  Compared to the vast number of studies developed for compounds of 
metalorganic nature, such as metalorganic frameworks (MOFs) or porous coordination 
polymers (PCPs),108 reports on POM–containing compounds are much less common. In fact, up 
to date just 28 POM–based structures have been identified as being able to undergo SCSC 
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transformations. Related compounds may include a recent family of lanthanide–based MOFs 
with the 4,4′–bipyridyl–N,N′–dioxide ligand that are able to incorporate Lindqvist–type POMs 
upon post–synthetic functionalization involving anion exchange.109 Recent examples of such 
studies for which the initial and final stages of the process have been characterized by single–
crystal XRD techniques include: (a) the sandwich [{Zn(OH2)(OH)}2{Zn(OH2)2}2{HSiW10O36}2]8− 
anion,110 which leads to two isomeric forms of the [{Zn2W(O)O3}2H4{SiW9O33}2]8− cluster111 upon 
thermal treatment through the isomerization of the γ–type {HSiW10O36} subunits into either α– 
or β–forms and consequent rearrangement of the sandwiched metal core from a planar, 
rhomblike assembly of four oxo–bridged zinc centers to a hexaprismatic moiety of two 
tungsten and four zinc atoms; (b) or the sandwich [Co4(OH)4(H4SiW10O36)2]8− anion,112 the 
cubane–type tetracobalt sandwiched core of which transforms into a planar, rhomblike moiety 
upon exposure to water to result in the [{Co(H2O)}2(OH)2{Co(H2O)2}2(H2SiW10O36)2]8− specie. To 
our knowledge, the first report on a SCSC transformation involving single–crystal XRD 
measurements of the initial and final stages carried out for the same POM–containing crystal 
dates back to 2004.113 This seminal report by Mizuno et al. consisted in the comparative 
structural descriptions of the robust microporous ionic crystal 
Cs5[Cr3O(OOCH)6(H2O)3][CoW12O40]·7.5H2O113a and the heptahemihydrate derivative 
Cs5[Cr3O(OOCH)6(H2O)3][CoW12O40]·3.5H2O obtained by partial thermal dehydration of the 
former. 
The scarce number of reports on SCSC transformations associated with POM–based 
compounds is certainly surprising taking into account the exponential growth that POM 
chemistry has been experiencing during the last decade. Nevertheless, these reports cover a 
wide range of compositionally and structurally diverse systems and they already include 
examples of dynamic thermostructural behavior and examples of robust frameworks, as well 
as compounds showing polymorphism: from molecular clusters such as the 
H5PV2Mo10O40·36H2O heteropolyacid to 3D covalent assemblies like the family of 
[HmM12X7W72O268]n− lattices, and from purely inorganic compounds (e.g., 
[H3O]4[Mn4(H2O)18][WZnMn2(H2O)2(ZnW9O34)2]·18H2O) to organic salts represented by 
(TBA)4[SiV2W10O39]·2DCE, as well as a relevant number of inorganic–metalorganic hybrid 
materials such as the collection of microporous ionic crystals based on trinuclear 
[MIII3O(OOCR)6(L)3]+ macrocations or the different examples including N–donor tetradentatate 
ligands. Regarding the inducing effect that triggers the SCSC transformations in POMs–
containing compounds, several different external stimuli have been applied such as light114 (1 
report), temperature115 (4 reports), redox processes116 (4 reports), removal of solvent/guest 
molecules90,91,117 (12 reports, 2 of them from chapter 2 of this work) or postsynthetic 
functionalization118 via cations/ligands exchange reactions (4 reports). Taking into account all 
these facts, it can be deduced that the occurrence of SCSC transformations in POMs rather 
than being an exceptional phenomenon, it might be a relatively common feature in 
polyoxometalates, and hence, it should be worth analyzing. A few months ago, Cronin and 
coworkers prepared what they call the first “flexi–crystal”, namely 
Li9K7W1Co10[H2P8W48O186]·132 H2O, the denomination of which stands for a flexible crystalline 
transition metal oxide compound that is dynamically switchable between many phases and 
capable of performing SCSC transformations. 119  Indeed, this fully inorganic POM–based 
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material formed by doughnut–shaped molecular metal oxide rings [P8W48O184]40–that are 
connected to each other by cobalt(II) linkers can undergo at least eight different SCSC 
transformations, with huge crystal volume contraction and expansion changes ranging from –
2,170 to +1,720 Å3 with preservation of crystallinity. 
1.6 TAILORED POLYMERIC SURFACES 
Highly ordered honeycomb structures on polymer–based films has attracted significant 
attention in the last few years due to their potential applications in fields such as tissue 
engineering, electronics, catalysis and separation.120 Unfortunately, the fabrication of this type 
of polymeric surfaces usually require time–consuming and expensive methods like 
lithography, 121  plasma–etching 122  and emulsions. 123  In comparison, breath figure (BF) 
patterning method has been emerged as a promising and cost–effective strategy to obtain 
highly ordered films for advanced applications. For instance, breath figures have been applied 
as separation membranes,124 photonic band gaps,125 supports for cell culture,126 antibiofilm 
formation,127 antireflective coatings,128 and catalyst supports.129  
The fabrication of BF surfaces consists in drop–casting a small volume of a polymer 
solution in a highly volatile solvent onto a solid substrate under a highly humid environment. 
The mechanism behind the formation of BF patterning is shown in Figure 1.13, which involves: 
a) a cold surface created by the evaporation of the solvent of the polymer solution; b) water 
condensation from the humid environment; c) movement and arrangement of the condensed 
water droplets into organized islands with hexagonal packing; d) stabilization of the droplets 
through the precipitation of the polymer (that is, the polymer envelopes around the droplets 
and thus, the water droplets act as templates for the pores); e) total evaporation of the 
solvent followed up by a pressure increase results in the bursting of the polymer envelope 
forming the pores and f) total evaporation of water.130a The formation of BF films is strongly 
affected by numerous parameters such as the nature of the polymer and its concentration, 
solvent, relative humidity, temperature, presence of additives and so on. 130  Various 
approaches to prepare BF polymeric films currently exist such as dip–coating, spin coating and 
solvent cast techniques (dynamic and static).130a Several studies have been devoted to obtain 
honeycomb structures by using wide variety of polymers, such as polymers with modified 
terminal groups, cellulose, and block copolymers, among others. 131  When amphiphilic 
copolymers are used, the breath figure patterning naturally results in the migration of the 
hydrophilic block towards the cavities formed by the condensation of the water droplets. This 
way, highly ordered polymeric surfaces with functionalized pores can be fabricated.  
The latter type BF surfaces are particularly interesting since they could potentially allow 
the incorporation of other components that could interact with the functional groups located 
in the cavities. For instance, using organically modified POMs and polymers bearing 
complementary functionalities for covalent bond formation (e.g. amino and carboxylic 
groups).132 Thus, the preparation of such novel functionalized hybrid polymeric surfaces that 
could exhibit new or enhanced properties compared to those shown by their individual 
components generates considerable interest. Even though POMs have been successfully 
combined in the past with amphiphilic molecules or cationic surfactants to construct several 
General Introduction | 
 25 
discrete architectures (micelles, capsules, vesicles, cones), fibers and wires, or highly ordered 
bidimensional arrays,133 reports on their immobilization on such type of polymeric films are 
scarce. To our knowledge, only one example of hybrid film composite involving POMs and 
diblock copolymers has been described in the literature up to now, in which the formation of 
aggregates in solution is employed to direct the self–assembly of highly ordered films with 
inverse hexagonal topology.134  
 
Figure 1.13. Mechanism of the formation of breath figures (BF) polymeric surfaces, along with a digital photograph 
of a BF sample and SEM images showing the cavities. 
1.7 AIM OF THE WORK 
The experimental work carried out in this dissertation have been performed at 
BCMaterials: Basque Center for Materials, Applications & Nanostructures in collaboration with 
the Departamento de Química Inorgánica and Departamento de Química–Física at the 
Facultad de Ciencia y Tecnología at the University of the Basque Country (UPV/EHU). This 
research consist in the synthesis and structural characterization of organic–inorganic 
compounds based on covalent interactions between polyoxometalate clusters and 
transition‒metal tetraazacomplexes leading to the formation of hybrid compounds exhibiting 
new or enhanced properties and/or structural architectures to enrich the field of POM 
chemistry. The main objectives of this thesis can be divided as follows:  
‒Synthesis and characterization of high–dimensional and/or porous POM–based 
inorganic–metalorganic hybrids by grafting 3d–metal complexes of macrocyclic tetraamines at 
POM surfaces for potential catalytic, sorption–related applications and/or novel architectures 
and topologies. The resulting hybrid extended frameworks are susceptible to SCSC 
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transformations, and hence, new crystalline phases have been obtained by heating. These new 
crystalline phases were structurally characterized by means of high–temperature single–crystal 
X–Ray Diffraction techniques and the structural modifications promoted by thermal evacuation 
of guest molecules from the initial hybrid frameworks have been analyzed and discussed. The 
reversibility of such transformations was also evaluated. These hybrid compounds have been 
classified attending to the nature of the addenda atoms that constitute the POM skeleton (V, 
W or Mo). This way, studies regarding polyoxovanadates are found in Chapter 2 (6 
compounds) whereas Chapters 3 involves compounds based on polyoxotungstates (21 
compounds). Similarly, polyoxomolybdate‒based hybrids are grouped in Chapter 4 (7 
compounds). All synthetized and characterized hybrid POM structures are listed in Table 1.4.  
Table 1.4. Summary of all the hybrid structures prepared and characterized in this dissertation. 
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‒The first steps in a new research line stablished by the collaboration of Departamento 
de Química–Física and Departamento de Química Inorgánica have been also carried out within 
this dissertation. The main objective of this new research line consist in the incorporation of 
POM clusters into tailored polymeric surfaces to fabricate smart POM/Polymer hybrid surface 
materials for a wide range of potential applications. The preliminary work in this new research 
line constitutes the final Chapter 5, the scope of which is limited to the validation of the 
anchoring method to different surfaces made of PS–b–PAA diblock amphiphilic copolymers 
and {Cu(cyclam)}–functionalized POM compounds through a Cu(II)–carboxylate coordination 
approach. Several prototype surfaces were fabricated and their characterization was 
performed at IC2NER located in Kyushu University, Fukuoka (Japan) during a short stay (3 
months) by advanced sophisticated surface analysis techniques such as Time‒of‒Flight 
Secondary Ion Mass Spectroscospy (ToF–SIMS) and Low–Energy Ion Scattering (LEIS).  
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The reaction of [VO3]– anions and [Cu(cyclam)]2+ complex cations 
(cyclam = 1,4,8,11–tetraazacyclotetradecane) results in the 
[{Cu(cyclam)}(VO3)2]·5H2O (1–CuV) and [Cu(cyclam)][{Cu(cyclam)}2 
(V10O28)]·10H2O (1–CuV10) compounds at pH > 6 and pH 4–6, 
respectively. 1–CuV consists in a covalent 3D structure formed by 
metavanadate chains linked by {Cu(cyclam)} moieties in a hybrid 
open–framework with two different types of hexagonal channels 
where water molecules of hydration are hosted. In comparison, 1–
CuV10 exhibits a POMOF–like supramolecular porous structure 
built up of covalent decavanadate/metalorganic layers with 
square–like voids, the stacking of which is aided by interlamellar 
cementing complexes and generates water–filled channels. The 
dynamic structure of 1–CuV undergoes up to three sequential and 
totally reversible single–crystal–to–single–crystal transitions 
triggered by thermal dehydration to lead to the anhydrous form 
[{Cu(cyclam)}(VO3)2]·(4–CuV) through the intermediate phases 
[{Cu(cyclam)}(VO3)2]·3H2O (3–CuV) and 
[{Cu(cyclam)}(VO3)2]·1.3H2O (2–CuV). In contrast, the robust 
supramolecular framework of 1–CuV10 remains virtually unaltered 
upon thermal evacuation of guest solvent molecules, resulting in 
the anhydrous phase 1a–CuV10, which shows accessible and fully 
operative micropores. As opposed to the dynamic metavanadate 
hybrid and its thermal derivatives, the robust nature together with 
the permanent microporosity renders interesting functionalities to 
1–CuV10, such as the selective adsorption of CO2 over N2 gas as 
well as a remarkable activity as heterogeneous catalyst toward the 
H2O2–based oxidation of the highly–stable, tricyclic alkane 
adamantane. 
2.1. Introduction 
2.2. Experimental Section 
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THERMOSTRUCTURAL STUDIES IN POLYOXOVANADATE–
METALORGANIC HYBRID COMPOUNDS: DINAMIC VS. ROBUST 
OPEN–FRAMEWORK MATERIALS 
2.1 INTRODUCTION 
2.1.1 Polyoxovanadates: A Brief Introduction 
Polyoxovanadates (POVs), as a relevant subfamily of polyoxometalates (POMs), have 
attracted an increasing attention over the years owing to the variable oxidation states that 
vanadium can adopt and the diverse coordination spheres shown by vanadium oxide 
polyhedra, which confers them the capacity to form an outstanding variety of different 
architectures.1 
 
Figure 2.1. Structural diversity in typical fully–oxidized isoPOVs (VV). 
POVs are formed in pH–dependent condensation reactions in which small [VOn]q– 
fragments aggregate to build a large variety of high– and low– nuclearity clusters with diverse 
coordination geometries of the vanadium polyhedra (Figure 2.1). These polyhedra consist of 
homo– or heterovalent V atoms which can show tetrahedral {VIVO4}3–, square pyramidal 
{VVO5}5– and {VIVO5}9–, and octahedral {VVO6}7–coordination geometries, which differs greatly 
from the predominantly octahedral environments shown by Mo and W atoms in 
polyoxomolybdates and –tungstate compounds. In highly alkaline conditions, the 
monovanadate [VO4]3− anion is the only stable specie in aqueous solution, although it can 
condensate to form the divanadate [V2O7]4− specie (pyrovanadate) for high vanadium 
concentrations. When the solution is slightly acidified, the protonation of the oxido group of 
the monovanadate begins which lead to the formation of the protonated [HVO4]2−, [H2VO4]−, 
and H3VO4 species as intermediates. The fully protonated H3VO4 is suggested to be a minor 
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species as it is easily converted to [VO2]+ with increasing coordination number.2 As the solution 
becomes more acidic, however, condensation reactions between monovanadate units begin to 
take place resulting in the generation of various oxovanadate species. In the pH range 8–13, 
monovanadates, [VO4]−, divanadates, [V2O7]4−, as well as metavanadates, [VO3]nn− and 
cyclovanadates [V4O12]4– are particularly stable (Figure 2.2). The pH range 3–8 is known as the 
unstability zone, where the condensation degree is significant even for low vanadium 
concentrations. Within this region, the predominant POVs in aqueous solution are the 
metavanadate species with no longer than five [VOn]q– units, as POVs larger than the 
pentameric species (other than decavanadates) do not occur to any great extent in aqueous 
solution) in the basic zone,3 while the predominant species in the acidic region are the 
[HnV10O28](n–6)– decavanadate anions. Depending on the vanadium concentration and the ionic 
strength of the medium, five predominant metavanadate species can be found, which are 
[VO3]nn–, [V2O6]2–, [V3O9]3– and the cyclic [V4O12]4– and [V5O15]5– anions. For low vanadium 
concentrations, the polymeric and oligomeric anions are favored whereas higher 
concentration of the metal leads to the predominance of the cyclic tetra– and pentameric 
vanadate species. The equilibrium between the different isopolyoxovanadate species have 
been well investigated by potenciometric and 51V–NMR techniques.4 
 
Figure 2.2. General scheme showing the stability range of the predominant isoPOV species of different nuclearity in 
aqueous solution as a function of the pH and concentration. 
POVs can be divided into four general subfamilies attending to the oxidation state of 
their constituent V atoms, which are the fully–oxidized (VV), mixed–valent (VV/VIV or VIV/VIII), 
‘‘fully–reduced’’ (VIV) and ‘‘highly–reduced’’ (VIII) categories. The following crystallographically 
characterized isoPOVs [V2O7]4–, [V3O9]3–, [V4O12]4–, [V5O14]3–, [V10O28]6–, [V12O32]4–, [V13O34]3–, 
[V15O42]9– and [V16O42]4– constitute the class of fully–oxidized vanadium polyanions5 (Figure 
2.1). Up to date, single–crystal X–ray diffraction has allowed the elucidation of various isoPOV 
structures belonging to the class of the mixed–valent VV/VIV species such as [VIV2VV8O26]4–, 
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[VIV8VV7O36]5–, [VIV11VV5O38]7–, [VIV3VV13O42]7–, [VIV5VV12O42]4–, [VIV16VV2O42]10–, [VIV10VV8O42]4–, 
[VIV8VV10O44]6–, [VIV6VV13O49]9–, [VIV8VV14O54]6–, [VIV16VV18O82]10– (disregarding encapsulated 
supramolecular guest species).6 In contrast, the mixed–valent VIV/VIII– as well as the ‘‘highly–
reduced’’ VIII–POVs consist mostly on alkoxide–substituted species such as 
[VIIIVIV5O6(OCH3)8(calix)(CH3OH)]– (calix = p–tert–butylcalix[4]arene) for the former and [VIII4(μ– 
CH3COO–)4–(μ–OH)4(H2O)8]4– cluster for the latter case.7 The most renowned representative 
cluster in the ‘‘fully–reduced’’ class is the archetypal [VIV18O42]12– anion, whose chemical and 
structural characterization was reported for the first time by Johnson and Schlemper8 back in 
1978 (Figure 2.3). 
 
Figure 2.3. Polyhedral representation of some representative mixed–valence (VIV–VV/VIII–VIV) as well as highly–
reduced (VIV) and fully–reduced (VIII) POV clusters. Organic ligands: calix = p–tert–butylcalix[4]arene. 
Besides the huge structural variety shown by isopolyoxovanadates, POV chemistry is 
even more diversified by the incorporation of heteroatoms which results in the formation of 
heteroPOVs,9 such as [PV14O42]9−, [Mn2V22O64]10−, [Mn3H3V12O40]5−, and [MV13O38]7− (M = Mn, Ni, 
Ln3+),10 among many others. In this sense, even though metavanadate ring sizes larger than the 
[V5O15]5− pentamer are unknown to date, the addition of a transition metal cation as 
heteroatom promotes the formation of larger disk–shaped cyclic species that can adjust to the 
size of the metallic ion, as exemplified by [PdV6O18]4−, [Cu2V8O24]4− and 
[Ni2(OH2)2V10O30(H2O)6]6− heteromacrocycles11 (Figure 2.4). The positive charge of the cationic 
heterometal at the center compensates the high negative charge of the larger cyclic 
polyoxovanadates. Another relevant example consists in the incorporation of anionic 
heteroatoms resulting in the generation of cage– or sphere–like high–nuclearity lacunary POVs 
whose specific shape enables them to entrap small guest species.12 These type of POV spheres 
are formed through linkages of multiple square–pyramidal {VO5}7– units, with the bottoms of 
all the pyramids pointing towards the center of the sphere where the guest heteroanion is 
hosted, whose interactions with the cationic vanadium atoms stabilize the whole spherical 
framework. The removal of a few V–O units from the spherical framework forms a lacunary 
POV, which is required in order to make the guest anion accessible from the outside. For 
example, the reaction of the reduced decavanadate [VIV2VV8O26]4− with two F− template anions 
yield the monolacunary undecavanadate, [HVV11O29F2]4−.13 This lacunary HeteroPOV consists on 
a belt layer composed of five {VO5}7– units and two capping layers composed of {V3} units 
sandwiching the belt layer. In contrast, the incorporation of a Cl− guest anion by oxidation of 
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the reduced decavanadate affords a protonated trilacunary dodecavanadate, [HV12O32(Cl)]4− 
(Figure 2.4). These type of anionic cages were extensively studied by Müller’s group and 
usually consist of V atoms showing mixed–valence or a fully–reduced state, as seen in 
[V15O36(Cl)]5−, [V18O42(X)]n− (X = H2O, Cl−, Br−, I−) and [V22O54(ClO4)]7− cluster anions.12,14 
Moreover, the addition of transition metal complexes to these reduced cores can produce 
layered solid materials, as exemplified by the family of isostructural 2D hybrids constructed 
from the connection of the container cluster molecules {V18O42(X)} (X = H2O, Br–, Cl–) and the 
3d–metalorganic moieties {M(H2N(CH2)2NH2)2} (M = Zn, Cd), among others.15 In recent years, 
much effort has been oriented toward the preparation of silicato–, germanato–, arsenato–, 
and antimonato–derivatised heteroPOVs and their hybrid derivatives with middle and late 
transition metals.16 The fully–oxidized (VV), mixed–valent (VV/VIV and VIV/VIII), ‘‘fully–reduced’’ 
(VIV), and ‘‘highly–reduced’’ (VIII) heteroPOVs show an astonishing tendency for organic and 
transition metal/lanthanide functionalization granting access to multifunctional inorganic–
organic supramolecular hybrid materials, and hence, offers potential applications in catalysis, 
surface science, and information technology.16 
 
Figure 2.4. Polyhedral representation of some HeteroPOVs, along with the [V18O42(H2O)]12− cage‒type isoPOV. 
2.1.2 Hybrid Vanadates 
One of the main directions in POM chemistry over the last few years is the modification 
by assembling and interconnection of POM clusters with transition metal complexes, targeting 
the generation of novel structural types of hybrid materials with potential alteration or 
enhancement of their properties. As a subclass of POVs, hybrid vanadates are considered a 
promising candidate to construct such POV–based hybrid materials due to their structural 
heterogeneity and rich coordination chemistry, which allows not only for their diverse 
coordination environments but also for a wide variety of valence states.17 Since the pioneering 
work of Zubieta et al.,18 a huge number of hybrid low–nuclearity oxovanadates have been 
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prepared,17 most of them through hydrothermal methods. In such compounds, the most 
common coordination geometries shown by vanadium atoms are the regular tetrahedron and 
the distorted square pyramid, the oxidation state of which usually being VV. In this sense, the 
most frequent inorganic building blocks in hybrid oxovanadates are the polymeric 
metavanadate [VO3]nn− chains and the [V4O12]4– cycles, both formed by corner–sharing {VO4}3– 
tetrahedral units (Figure 2.1). The latter anion shows flexible nature and can be isolated in 
either planar or bent (boat or chair) conformations depending on the requirements of the 
crystal packing in terms of the establishment of coordinative bonds or networks of weak 
intermolecular interactions. The metavanadate subunit also possess a certain degree of 
adaptability to the crystal environment due to the reorientation and reorganization ability of 
the {VO4}3– tetrahedra that form the chains. Only one type of metavanadate specie 
constructed from five–coordinated vanadium has been reported so far, which consists on 
edge–sharing square pyramids19 (Figure 2.1). 
There are two different but complementary ways to classify hybrid vanadates: Zavalij 
and Wittingham proposed a classification based on the coordination environment of the 
vanadium centers composed of seven categories according to the presence of tetrahedral (T), 
square–pyramid (SP) and/or octahedra (O) in the hybrids.20 In contrast, the assortment made 
by Zubieta and coworkers18 takes into account the role of the metalorganic building block in 
the crystal structure of the hybrid, which lies within the general classification described 
previously by Cheetam et al. for organic–inorganic hybrid materials in which a code InOm is 
proposed.21 This code is based on the dimensionality of both the inorganic and organic 
substructures within the hybrid crystal, where In and Om refers to the dimensionality for each 
array (n, m = 0, 1, 2, 3). Nowadays, a huge library of hybrid vanadates showing an enormous 
structural and dimensional variety can be found in crystallographic databases. The analyses of 
those oxovanadate–based crystal structures reveals that I3O2, I3O1, I2O2 and I2O1 architectures 
are the most common ones.17 This indicates that the crystal structures of most vanadate 
hybrids usually contain metalorganic mono– or bidimensional sublattices within the 3D or 2D 
covalent inorganic framework, that is, both frameworks show a tendency to organize into high 
dimensional packings. 
Regarding the metalorganic building blocks, up to now Mn(II), Fe(II), Co(II), Ni(II), Cu(II), 
Cu(I), Zn(II) 3d–metal centers have been employed in conjunction with simple, bi–, tri– and 
tetrapodal N– and/or O–donor ligands to construct hybrid vanadates, as well as Ag(I) and Cd(II) 
4d–metallic ions. In this sense, Mn(II), Co(II), Ni(II) and Cd(II) cations usually show regular 
octahedral coordination environments, even though a few examples of hybrids with five 
coordinated Co(II) cations are known. The great variety of coordination modes displayed by 
Cu(II) and Zn(II) atoms (CN = 4–6) makes more difficult the prediction of the structural 
archetypes that result from their interaction with vanadate building blocks, but at the same 
time enlarges the rich structural diversity of Zn(II) and Cu(II) vanadates in comparison with 
those obtained from cations possessing regular octahedral coordination spheres. For Cu(I) and 
Ag(I), however, the coordination spheres are less predictable, although they can favor the 
formation of monodimensional metalorganic subnets with certain types of ligands due to their 
linear coordination. The chemical nature of the organic ligand as well as its length, geometry 
and relative position of the donor groups within it heavily determine the final structure and 
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crystal dimensionality of the resulting hybrid vanadate. In this sense, several organic ligands 
such as 2,2–bipyridine, 1,10–phenanthroline and terpyridine have been used to organically 
functionalize vanadate units, resulting in InOm (n = 1–3, m = 0) structures with discrete 
metalorganic building blocks.22 In contrast, bidentate ligands like pyrazine, pyrimidine, 4,4′–
bipyridine, and dipodal 1,2–di(4–pyridyl)ethylene and 1,2–di(4–pyridyl)ethane, as well as 1,4–
bis(imidazol–1–yl)butane and 1,4–bis(triazol–1–ylmethyl)benzene, usually lead to the 
formation of high–dimensional architectures both for the inorganic main framework and the 
metalorganic substructure (InOm where n=2–3, m=0–3) because of their capability to act as 
bridging ligands.23 In close analogy, the use of multipodal amino ligands such as 1,2,4–triazole, 
5–(pyrimidin–2–yl)tetrazole, tetra–2–pyridylpyrazine, 2,4,6–tri(4–pyridyl)–1,3,5–triazine and 
6′,6″–bis(2–pyridyl)–2,2′:4′,4″:2″,2‴–quaterpyridine, among others, show a similar tendency 
for extended inorganic and organic architectures for the resulting hybrid vanadates.24 Besides 
amines, multipodal ligands carrying the carboxylic function have been also employed, as 
exemplified by oxalate or terephthalate ligands.25 Another strategy to obtain organic–inorganic 
vanadates with varied dimensionality consist in using ligands containing both amino and 
carboxylate donor groups like 2–pyrazinecarboxylate and 4,4′–bipyridine–2–carboxylate.26 
 
 
Figure 2.5. Structural diversity in some representative 3D covalent hybrid vanadates. Organic ligands: L = 
5,5,7,12,12,14–hexamethyl–1,4,8,11–tetraazacyclotetradecane; pyr = pyrazine; trz = 1,2,3–triazolate. 
Polyoxovanadate‒Metalorganic Hybrid Frameworks | 
 
43 
One of the many types of extended high–dimensional IsoPOV–based hybrids are those 
that are characterized by a 3D covalent inorganic network constructed from the linkage 
between the transition metal centers of discrete metalorganic complexes and the vanadate 
polyhedra,27 and hence, belong to the I3O0 group. The hybrid [{Ni(L)}(VO3)2]·0.33H2O and 
[{Cu(L)}(VO3)2]·0.33H2O (L = 5,5,7,12,12,14–hexamethyl–1,4,8,11–tetraazacyclotetradecane) 
vanadates prepared by Ou and coworkers27 constitute two representative examples of this 
group (Figure 2.5). In these compounds, the equatorial plane of the metal centers is occupied 
by four N atoms belonging to the L ligand while the axial oxygen atom is shared with the 
metavanadate chains (Ni) or hexanuclear [V6O18]6– rings (Cu). This connectivity generates a 
porous 3D covalent framework with hexagonal channels in which water molecules of hydration 
are hosted. Similarly, Zubieta et al. synthetized a [{Cu2(pyr)}(V4O12)] cyclotetravanadate–based 
hybrid under hydrothermal conditions with Cu–organonitrogen bridging complexes (pyr = 
pyrazine), which is built from binuclear subunits of two square piramidal {CuO4N} sites linked 
through the pyr ligand28 (Figure 2.5). This way, the cyclic clusters serve to connect eight 
neighboring {Cu2(pyr)}4+ subunits which provides the three–dimensional covalent connectivity. 
Two interesting examples of hybrids also belonging to the I3O0 group are 
(H2en)[{Co2(Ox)}(V4O12)] and (H2pn)[Mn2(Ox)(V4O12)] extended compounds (en = 
ethylendiamine; pn = 1,3–diaminopropane, ox = oxalate), both of them containing bridging ox 
ligands.29 These hybrid vanadates are formed by discrete metal–oxalate dimers which are 
linked through the {V4O12}4– cyclic anions resulting in 3D inorganic–organic arrangements, 
where the protonated amines act as templates compensating for the negative charge of the 
hybrid net (Figure 2.5). Within this category, a great number of extended hybrid vanadates 
have been prepared using chelating ligands as linkers between the building blocks, such as 
ethylenediamine, N,N–bis(3–aminopropyl)ethylenediamine, and 1,3–diaminopropane.30 It 
must be noted that almost all of these types of hybrids have been synthetized using 
hydrothermal methods. 
As mentioned before, the organic ligand can act as a bridge between adjacent metal 
centers, and thus, a polymeric metal–organic substructure is generated within the 3D 
inorganic framework. When the mentioned substructure generates chains, the resulting hybrid 
crystal architectures are classified as I3O1. For example, the 3D [{Cu3(trz)}2V4O12] hybrid (trz = 
1,2,3–triazolate) reported by Zubieta et al. is constructed from metalorganic {Cu3(trz)2}n+4n 
chains, each constituted by trinuclear Cu(II) clusters connected to tridentate trz ligands, that 
are linked through cyclic {V4O12}4− clusters forming a hybrid 3D framework28 (Figure 2.5). In 
close analogy to the previous case, if the linkage between metal centers and bridging ligands 
generates layers instead of chains, a I3O2 type hybrid is obtained. Such is the case observed for 
[{M2(H2O)2(4,4’–Bpy)3}(VO3)4]·2.5H2O (M = NiII, CoII), where the metal centers are connected 
along two different directions through the bidentate 4,4’–bipyridine ligand, generating 
rectangular–like interpenetrated metal–organic sheets.31 The metavanadate chains are located 
between the metal centers of different metal–organic layers, connecting them to generate the 
three–dimensional I3O2 type inorganic framework. Despite the interpenetration, not all I3O2 
hybrids show this kind of structural phenomenon although it must be noted that it is common 
for hybrid vanadates within this category.17 Finally, the I3O3 archetype is characterized by the 
coexistence of both 3D inorganic and metal–organic substructures as exemplified by [{Ni8(4,4’–
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Bpy)16}(V24O68)]·8.5H2O hybrid oxovanadate.32 The metal–organic substructure consists on the 
polycatenation of a “CdS”–like 3D metal–organic net with two square–like metal–organic 
layers, where the vanadium oxide chains are located and linked via corners to the Ni(II) metal 
cations (Figure 2.6). As in metal–organic framework materials (MOFs), the transition metal 
hybrid vanadates constructed from di– or multipodal ligands often leads to the generation of 
high–dimensional metal–organic sub–structures through the linkage of the metal atoms and 
the organic ligands.17 The occurrence of the high dimensionality of the metalorganic subnet 
could originate because of the small sizes and notable flexibility of the inorganic building 
blocks in these hybrids vanadates, as metalorganic extended assemblies built from larger and 
more rigid POM clusters usually do not usually exhibit this type of interpenetration 
phenomenon. 
 
Figure 2.6. Structural diversity in some representative extended hybrid vanadates. Organic ligands: mIM = 1–
methylimidazole; Htrb = hexakis(1,2,4–triazol–ylmethy1)benzene; 4,4’–Bpy = 4,4’–bipyridine. 
The organic derivatization of vanadates with 3d–metalorganic moieties to construct 
extended open–frameworks constitutes a promising strategy for the preparation of new 
functional hybrid materials.17,33 Recently, Li et al. prepared a series of extended hybrid copper 
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vanadates: α–[{Cu(mIM)4}(V2O6)] cyclotetravanadate which shows a 3D covalent framework 
with an interpenetrating diamond topology, and two layered metavanadate hybrids, namely 
β–[{Cu(mIM)4}(V2O6)], and [{Cu(mIM)2)}(VO3)2] (mIM = 1–methylimidazole, Figure 2.6). While 
all three compounds exhibit excellent catalytic performance in the oxidation of sulfides in 
heterogeneous phase with H2O2 as oxidant, the catalytic activity of the α–tetravanadate 
isomer outperforms the others and can be reused without losing its activity. The authors 
attributed this difference to the 3D interpenetrating framework of the cyclotetravanadate 
derivative that may result in more exposure of the active sites than 2D network structures of 
the latter, and thus, enhance the catalytic activity. The activity of the former was also 
investigated in the oxidation of various alcohols, and excellent results were obtained as well. 
Among others, compounds [Zn5(Htrb)2(H2O)2(V5O15)2]·11H2O and [Ag3(Htrb)(H4V5O16)]·H2O has 
been hydrothermally synthesized using a multidentate N–containing hexakis(1,2,4–triazol–
ylmethy1)benzene (Htrb) by Zhang and coworkers.33b The former consist on unusual inorganic 
layers containing both tetranuclear [V4O12]4− and hexanuclear [V6O18]6− rings linked through 
bridging Zn–complexes, which are further pillared by chains of Htrb ligands (I2O1, Figure 2.6). In 
comparison, the structure of yet another extended hybrid prepared by the same authors can 
be described as an unique 2D inorganic layers formed by adjacent 12–membered vanadium 
rings built of {VO4} tetrahedra and {VO5}– trigonal bipyramids and Ag(I) centers, where the 
layers are further extended by Htrb ligands and Ag(I) centers into a 3D framework (Figure 2.6). 
These hybrid POVs show high photocatalytic activity towards the degradation of methylene 
blue and methyl orange organic pollutants under UV light irradiation, as well as a remarkable 
capacity as fluorescent probe for Cr3+ ions, showing strong and selective emission quenching 
effects for the former over other metal ions such as Zn2+, Al3+, Co2+, K+, Na+, and Pb2+. These 
examples nicely illustrate the potential occurrence of new interesting properties born from the 
synergy of the different building blocks that ultimately lead to hybrid extended functional 
frameworks with novel architectures and expanded applicability.  
2.1.3 Decavanadate–based Hybrid Compounds 
Decavanadate (HnV10O28)n–6 (n = 0–4) polyanions, which are the predominant POV 
species in the acidic pH range, have recently attracted significant attention due to their 
intriguing role in biomedicine, as they have been proven to impact proteins, lipidic structures 
and also cellular functions.34 The structure of the decavanadate anion, which was reported for 
the first time back in 1956, consists in an arrangement of 10 edge–shared {VO6} octahedra with 
ideal D2h symmetry. This arrangement can be described as a central {V6O12} cluster built of six 
{VO6} octahedra arranged in a 2 × 3 rectangular array and capped with two additional {VO6} 
units on both sides (Figure 2.1). 
While the coordinative role of small polyoxovanadates like the metavanadate species 
toward transition–metal metalorganic moieties has been extensively investigated,17 hybrids 
consisting of [HnV10O28](6–n)– clusters covalently linked to 3d–metal complexes have been rarely 
reported up to now. Moreover, most of the decavanadate–metalorganic hybrids known at 
present consists in class I hybrids,35–44 in which the structural stability of the crystal lattice 
simply relies on electrostatic forces and weak intermolecular interactions between the 
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different components. In this sense, several 3d–metal (FeII to ZnII) containing organic building 
blocks have been used resulting in various decavanadate–containing ionic crystals with 
imidazole–type complexes such as [Co(pyim)3]2[V10O28]·7H2O and [Ni(pyim)3]2[H2V10O28]·4H2O35 
(pyim = 2–(2–pyridyl)–imidazole) while the use of aminoacids like glycine and β–alanine led to 
(NH4)2[Mn2(HGly)(H2O)10][V10O28].(HGly).2H2O, (NH4)[Mn(β–HAla)(H2O)5]2[V10O28].2H2O36 as 
well as (NH4)2[Zn(H2O)5(β–HAla)]2[V10O28].4H2O and (NH4)2[Mn(H2O)5(β–HAla)]2[V10O28].2H2O 
(HGly = glycine, β–HAla = β–alanine) hybrid salts.37 Chelating ligands like salen have been also 
incorporated as charge compensating units to decavanadate ionic assemblies as seen in 
(NH4)2[Mn(salen)(H2O)2]4[V10O28].6H2O hybrid (salen = N,N’–ethylene–bis(salicylideneiminate)38 
and the use of zinc complexes of bis–triazol ligands resulted in various class I hybrids like 
[Zn(bte)(H2O)4][Zn2(bte)(H2O)10][V10O28]·8H2O as well as [Zn2(btp)4(H2O)6][H2V10O28]·4H2O, 
[Zn2(bth)(H2O)10][H2V10O28].6H2O and [Zn3(Htrz)6(H2O)6][V10O28]·10H2O·Htrz compounds39 (bte = 
1,2–bis(1,2,4–triazol–1–yl)ethane, btp = 1,3–bis(1,2,4–triazol–1–y1)propane, bth = 1,6–
bis(1,2,4–triazol–1–y1)hexane, Htrz = 1,2,4–triazole). The non–covalent interaction between 
decavanadates and bicyclic diazaalkene was also studied in the isostructural 
(NH4)2[M(dod)(H2O)4]2[V10O28].6H2O (M = Mn, Zn; dod = 1,4–diazoniabicyclo[2,2,2]octane–1,4–
diacetate) salts40 whereas the use of heterocyclic ligands like phenantroline in conjunction 
with divalent copper or iron metals yielded [Cu(H2O)3(phen)]2[H4V10O28].4H2O and 
[Fe(phen)3]2[V10O28].15H2O (phen = 1,10–phenantroline) derivatives.41 Ionic crystals containing 
both decavanadates and CuII and NiII complexes of pyrazine have been also reported in 
(H3O)2{[Cu(pyr)(H2O)4]2[V10O28].13.5H2O and {[Ni(pyr)(H2O)4]2(H3O)2[V10O28].9.5H2O (pyr = 
pyrazine) compounds, respectively.42 
Besides transition metals belonging to the first row, other metalorganic cations that 
contain 4d– or 5d–metals acting as structure–directing agents in decavanadate assemblies 
have been also evaluated. For example, Jansen et al. used a bulky cationic gold clusters 
[Au9(PPh3)8]3+ (PPh3 = triphenylphosphine) resulting in a supramolecular assembly of the ionic 
[Au9(PPh3)8]2[V10O28H3]2 crystal, which is governed by intermolecular hydrogen bonds and C–
H/π interactions between the POVs and the phenyl rings of the ligands of the cationic gold 
cluster complexes.43 The latter interactions arise from adjacent phenyl groups being in edge–
to–face orientation, which is a common structure–directing motif in inorganic supramolecular 
chemistry, as this disposition has shown to contribute substantially to the overall lattice 
energy. Meyer et al. developed a new strategy for the preparation of Ag(I)–POM hybrids which 
allowed them to synthetize a decavanadate specie, namely [Ag(thb)2]2(H4V10O28)·3H2O (thb = 
theobromine).44 This elegant method takes advantage of the ability of purine bases to build 
robust non–covalent networks of hydrogen bonds and stacking interactions using them as 
ligands to silver(I). This way, the H–bonding framework of the hybrid POV is dominated by 
amide–to–amide theobromine dimers and amide–to–POM/H2O hydrogen bonds, as well as 
π−π and anion–π stacking interactions that contribute to the overall structural stabilization for 
the resulting decavanadate–based hybrid (Figure 2.7).  
Concerning decavanadate class II hybrids, the first crystal structure involving 
metalorganic complex moieties covalently linked to the surface of decavanadate anions was 
not reported until 2007,45 which consisted in a discrete hybrid built from a diprotonated 
decavanadate cluster grafted to Cu(II) complexes of 2,2’–bipyridine moieties, namely 
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[{Cu(bipy)2}]2{H2V10O28}].bipy.H2O. In this covalent molecular compound, the copper(II) exhibits 
distorted trigonal bipyramidal geometry, where the equatorial plane is defined by the oxo–
bridge to the vanadium core and a nitrogen atom from each bipyridine ligand, while the axial 
positions are occupied by the remaining nitrogen donors. Since the coordination sphere of the 
copper does not have any free positions, the dimensionality of the crystal is limited to a 0D 
architecture (I0O0). Compared to the extensive low–nuclearity isoPOV hybrids, the 
coordination of 3d transition–metal containing metalorganic moieties to the larger 
decavanadate clusters has met limited success. Moreover, almost all hybrid covalent 
decavanadate–containing hybrids that have been prepared later on consist in low 
dimensionality crystal packings, that is, either similar discrete decorated molecular clusters 
(I0O0)46,39,47,48 or mono–dimensional arrangements (I1On with n = 0–2).27,39,44,49–51 It is worth 
mentioning that only Cu(II) and Zn(II)–based 3d–metalorganic moieties have been successfully 
grafted so far to the surface of a decavanadate anion by either conventional synthesis or 
hydrothermal methods. Examples of the former can be found in the discrete (2–
hepH+)2[{Cu(H2O)2(O,N–2–hep)}2(V10O28)].6H2O and [{Cu(2–amp)2(H2O)}2(H2V10O28)].4H2O 
molecular pyridyl–derivatives (2–hep = 2–(2–hydroxyethyl)pyridine); amp = 2–
(aminomethyl)pyridine, Figure 2.7).47 The covalent interaction between {Cu(en)2}2+ cationic 
moieties and decavanadate clusters were investigated in the I0O0–type 
(H3O)2[{Cu(en)2(H2O)}2(V10O28)].3H2O48 and [{Cu(en)2(H2O)}2(H2V10O28)].12H2O46b decorated 
compounds (en = ethylendiamine) while {Zn(Im)}2+ moieties lead to the discrete 
[{Zn(Im)2(dmf)2}2(H2V10O28)]·Im·dmf (Im = imidazole, dmf = dimethylformamide) hybrid.39a  
 
Figure 2.7. Polyhedral representation of some relevant hybrid decavanadates found in the literature. Organic 
ligands: 2–amp = 2–(aminomethyl)pyridine; nmp = N–methyl–2–pyrrolidone; thb = theobromine; dmf =. N,N–
dimethylformamide; nmp and dmf molecules are omitted for clarity. 
Regarding decavanadate–based monodimensional assemblies, the use of Zn(II) together 
with organic ligands such as triazol–derivatives produced the I1O1 
{Zn(H2O)6}[{Zn(btb)}2(H2O)6(V10O28)].4H2O (btb = 1,4–bis(1,2,4–triazol–1–y1)butane) as well as 
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the I1O2–type [{Zn(trz)}3(H2O)4(dmf)2(V10O28)]·4H2O}n (trz = 1,2,4–triazolate) hybrids,39 
respectively. The following monodimensional (I1O0) assemblies containing M(II)–
ethylendiamine (M = Cu, Zn) moieties can be found in 
[Cu(en)2(H2O)]2.2[Cu(en)2(V10O28)].2H3BO3.2H2O;49 and [Zn(en)2]3[V10O28].5H2O hybrids.50 The 
use of copper(II)–complexes of β–alanine51 also resulted in 1D architectures in (NH4)2[{Cu(β–
Ala)2}2(V10O28)].10H2O hybrid, whereas the use of macrocyclic tetraazapolyamines27 yielded the 
[(H2L)1.5][(CuL)0.5(H2V10O28)].6H2O hybrid chains (L = 5,5,7,12,12,14–hexamethyl–1,4,8,11–
tetraazacyclotetradecane, Figure 2.7). Besides 3d–metalorganic moieties, a few other 
interesting approaches worth mentioning have been applied to prepare novel decavanadate–
based molecular as well as monodimensional hybrids in recent years. For example, McGlone et 
al. succesfully synthetized an unprecedent silver(I)–linked decavanadate dimer with the 
formula {(Ag(CH3CN)3)3[H3V10O28].CH3CN}2, prepared from (TBA)3[H3V10O28] in acetonitrile (TBA 
= tert–butylammonium), which exhibits a distinctive dimeric configuration entirely supported 
by cooperative hydrogen bonds46a (Figure 2.7).  
 
Figure 2.8. Polyhedral representation of some representative 2D and chain–like hybrid decavanadates found in the 
literature. Organic ligands: pz = pyrazole ; btb = btb = 1,4–bis(1,2,4–triazol–1–y1)butane; trz = 1,2,4–triazolate; dmf 
= N,N–dimethylformamide. 
Recently, Streb et al. developed a new synthetic route for the assembly of 
monodimensional Ba(II)–linked decavanadate arrays by using bulky coordinating solvents 
featuring both a binding site and a blocking site to allow the controlled linkage of the [V10O28]6– 
clusters by the alkaline earth metal centers. This way, the complex supramolecular 
{[Ba(nmp)4(H2O)]2[H4V10O28]}{[Ba(nmp)3(H2O)2][H3V10O28]}2.2H2O.10nmp compound can be 
accessed in nmp solvent (nmp = N–methyl–2–pyrrolidone), where alternating mono– and di–
nuclear barium subunits coordinate to the triprotonated decavanadates forming a linear 
covalent hybrid chain (Figure 2.7). Interestingly, replacement of the solvent by dmf results in a 
less complex 1D architecture, the formula of which is [{Ba(dmf)4}2(H2V10O28)] and it is formed 
with just dinuclear barium(II) linkers (dmf = N,N–dimethylformamide).52 Mat et al. managed to 
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construct a novel monomeric silver(I)–alkynyl cluster encapsulating a decavanadate cluster, 
[Ag40(C≡CtBu)22(TFA)12(V10O28)]·4CH3OH (TFA = trifluoroacetate) following an acid–induced 
synthetic approach.53 The authors described it as a neutral ellipsoidal C2h cluster consisting of 
forty silver(I) ions stabilized by centripetal ethynyl, peripheral trifluoroacetate and methanol 
ligands along with a [V10O28]6– cluster at its center.  
To the best of our knowledge, only two decavanadate/metalorganic hybrid lattices with 
covalent bidimensional nature (I2O0) can be found in the literature,54 namely 
(Hpz)2[{Cu(pz)4}2(V10O28)]·2H2O (pz = pyrazole) and [{Ag3(dmso)6}{Ag(dmso)2}(H2V10O28)]·2dmso 
(dmso = dimethylsulfoxide, Figure 2.8). The crystal structure of the former consists on a 
covalent arrangement of hybrid sheets formed by [{Cu(pz)4}2(V10O28)] in which each 
decavanadate cluster is linked to four {Cu(pz)4} groups through the V–O–Cu connectivity. All 
the copper centers are bonded to four equatorial N atoms from the organic ligands with the 
remaining tow positions occupied by oxygen atoms belonging to two neighboring clusters. 
Interestingly, charge compensating pyrazolium cations and water molecules fill the hydrophilic 
pockets that are generated by this connectivity between the {Cu–(pyrazol)}2+ moieties and the 
inorganic clusters54a (Figure 2.8).The building blocks of the Ag–containing POV however, 
contain diprotonated decavanadate clusters [H2V10O28]4– as their main backbone, which are 
bridged by linear trimeric silver(I)–dmso [Ag3(dmso)6]3+ subunits coordinated to the cluster 
through covalent Ag–O–V bonds. In addition, a monomeric silver(I) [Ag(dmso)2]+ moiety acts as 
a secondary linker between neighboring clusters resulting in the formation of the layered 
covalent framework54b (Figure 2.8). It is worth highlighting however, that none of these two 
hybrid compounds show porosity because of an alternate stacking of sheets that renders the 
cation/solvent–filled voids inaccessible.  
In close analogy to vanadates, grafting 3d–transition metal complexes to decavanadate 
polyanions can result in additional functionalities to the resulting hybrid. For example, Wang et 
al. recently reported the supramolecular {Zn(H2O)6}[{Zn(btb)}2(H2O)6(V10O28)].4H2O (btb = 1,4–
bis(1,2,4–triazol–1–y1)butane) hybrid. In this I1O1–type crystal packing, the decavanadate 
clusters connect two adjacent {Zn(btb)}2+ metalorganic chains together, resulting in ladder–like 
chains which interact via weak supramolecular interactions (Figure 2.8). This compound was 
used as solid modifiers to fabricate three–dimensional bulk–modified carbon paste electrodes 
and the results of the electrochemical properties indicated a good electrocatalytic activity 
towards the oxidation of nitrite molecules.39a In contrast, the 
[{Zn(trz)}3(H2O)4(dmf)2(V10O28)]·4H2O}n hybrid (trz = 1,2,4–triazolate, dmf = N,N–
dimethylformamide), as it is constructed from cationic [Zn3(trz)3–(H2O)4(dmf)] layers which are 
pillared by decavanadate anions39b (Figure 2.8). This compound, as well as the ionic 
[Zn3(Htrz)6(H2O)6][V10O28]·10H2O·Htrz hybrid were reported by Xu and coworkers. These 
compounds exhibit interesting optical properties in the solid–state at room temperature like 
intense blue luminescence for the layered hybrid, while the ionic salt possess an infrequent 
fluorescent property, emitting both blue and yellow luminescences simultaneously, which 
makes it a good candidate for photoactive materials. This study illustrates how the 
incorporation of 3d–metal complexes can bestow extra properties to the resulting hybrid and 
consequently, extend its potential applicability. 
| Chapter 2 
 
50 
2.1.4 SCSC Transformations in Polyoxovanadates 
As one of the first examples of a solid–state phase transition involving POM species for 
which the initial and final stages of the transformation were structurally characterized on the 
basis of single–crystal X–ray diffraction (XRD), the ring–opening of the cyclic [V4O12]4− 
tetravanadate species and subsequent polymerization into a catena–form was reported in 
1996 for the tert–butylammonium salt of this anion.55 Nucleation and growing of the polymeric 
metavanadate phase was found to take place within crystals of the tert–butylammonium salt 
of the cyclic anion and the process was monitored by a combination of infrared spectroscopy 
and powder XRD techniques. Unfortunately, this transformation was of the single–crystal–to–
crystalline–powder type which involved the loss of integrity of the single crystals, but the 
authors were fortunate enough to grow single crystals of the catena–form by recrystallization 
of this powder. This allowed for proposing an irreversible, reconstructive and continuous 
transition proceeding through a nucleation and growing mechanism on the basis of structural 
similarities. 
As mentioned in chapter 1, single–crystal–to–single–crystal transformations (SCSC), in 
which crystalline order and integrity is retained along the whole process, are at the forefront 
of the crystal engineering because they offer an incomparable tool to provide direct insight 
into the mechanism of such structural changes, to monitor how location of atoms and 
molecules varies within the crystal packing, and to correlate how a given property of interest 
can be modified and tuned as a consequence.56 Regarding SCSC transformations, however, just 
three examples concerning polyoxovanadate compounds can be found in the literature 
(disregarding those discussed in this chapter). Two of them are class II hybrids consisting on 
the cyclotetravanadate cluster with grafted cobalt(II) metalorganic complexes, namely, 
[Co(Hbpe)2(V4O12)] (bpe = 1,2–di(4–pyridyl)ethane) and [Co4(ppca)4(H2O)2(V4O12)]·3.6H2O (ppca 
= 4–(pyridin–4–yl)pyridine–2–carboxylate).57 The former study nicely illustrates a case of 
temperature–dependent polymorphism promoted by order–disorder crystal phase transitions 
in POM–based systems. This compound is able to undergo two sequential SCSC 
transformations into polymorphs of higher symmetry as the temperature increases.57a In 
contrast, the evacuation of guest solvent molecules does not only promote SCSC 
transformations in robust compounds able to preserve their crystalline architecture nearly 
unaltered upon phase transition, but they are also known for dynamic compounds in which the 
transformation proceeds with modifications in the crystal framework and/or the covalent 
bonding scheme. This is exactly the case for the second polyoxovanadate–based hybrid 
[Co4(ppca)4(H2O)2(V4O12)]·3.6H2O (ppca = 4–(pyridin–4–yl)pyridine–2–carboxylate) reported by 
zur Loye et al. back in 2005.57b This study represents an illustrative example of such type of 
dynamic POM–based compounds as it undergoes two sequential SCSC transformations 
triggered by thermal dehydration to lead to the partially dehydrated intermediate 
[Co4(ppca)4(H2O)2(V4O12)]·1.1H2O first, and then to the anhydrous [Co4(ppca)4(V4O12)] 
derivative, which resulted in significant changes in the CoII coordination geometry of the 
metalorganic moieties. Last year, Ou and coworkers prepared the 3D covalent 
[{(Ni(cyclam)}3(VO3)6]·5H2O hybrid built from hexanuclear vanadate [V6O18]6– rings linked to 
{Ni(cyclam)}2+ moieties.58 This compound is able to undergo a reversible thermally triggered 
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SCSC transformation leading to the anhydrous phase, which is very similar to the hydrated 
parent structure, confirming the robustness of the initial hybrid framework. 
2.1.5 Summary 
In the first section of this chapter, the synthesis and crystallochemical characterization 
of a new porous I3O0 hybrid built of metavanadate anions and {Cu(cyclam)}2+ cationic 
complexes was carried out, namely [{Cu(cyclam)}(VO3)2]·5H2O (1–CuV). This dynamic structure 
undergoes three sequential and reversible SCSC transformations promoted by gradual 
dehydration upon heating. The structural modifications induced by the removal of the water 
molecules resulted in the generation of three new crystalline phases, namely 
[{Cu(cyclam)}(VO3)2]·3H2O (2–CuV), [{Cu(cyclam)}(VO3)2]·1.3H2O (3–CuV) and the anhydrous 
compound [{Cu(cyclam)}(VO3)2] (4–CuV). All of these new phases retain porosity and show 
channels with different sizes that are determined by the thermally triggered structural 
modifications. In comparison, the first supramolecular POMOF–like compound assembled 
from the stacking of covalent layers formed by decavanadate anions and metalorganic linkers, 
namely [Cu(cyclam)][{Cu(cyclam)}2(V10O28)]·10H2O (1–CuV10) (cyclam = 1,4,8,11–
tetraazacyclotetradecane) shows a robust thermostructural behaviour. The robustness and the 
associated permanent microporosity of its I2O0 open–framework has been confirmed by 
single–crystal X–ray diffraction studies on the thermally generated anhydrous phase 1a–
CuV10, as well as by gas sorption measurements that reveal selective adsorption of CO2 over 
N2. The catalytic activity toward the C–H bond activation of highly stable tricyclic alkanes like 
adamantane has been assessed in heterogeneous phase as well. 
2.2 EXPERIMENTAL SECTION 
2.2.1 Materials and Methods 
The tert–butylammonium metavanadate [(CH3)3CNH3][VO3] and 
dihydrogendecavanadate [(CH3)3CNH3]4[H2V10O28]·8H2O precursors were synthesized according 
to literature methods and identified by infrared (FT–IR) spectroscopy.55,59 All other chemicals 
were obtained from commercial sources and used without further purification. Carbon, 
hydrogen and nitrogen were determined on a Perkin–Elmer 2400 CHN analyzer. FT–IR spectra 
were obtained as KBr pellets on a SHIMADZU FTIR–8400S spectrometer. The 
thermogravimetric (TGA) analyses were carried out from room temperature to 800 °C at a rate 
of 5 °C min–1 on a Mettler Toledo TGA/SDTA851e thermobalance under a 50 cm3 min–1 flow of 
synthetic air in the case of 1–CuV10 while the thermal characterization of 1–CuV and its high–
temperature derivatives were performed on a TA Instruments 2960 SDT thermobalance under 
a 150 cm3 min–1 flow of synthetic air (Figure A2.1 in the Appendix). Powder X–ray diffraction 
(PXRD) patterns were collected on a Bruker D8 Advance diffractometer operating at 30 kV/20 
mA and equipped with Cu Kα radiation (λ = 1.5418 Å), a Vantec–1 PSD detector, an Anton Parr 
HTK2000 high–temperature furnace, and Pt sample holder (Figures A2.2 in the Appendix). The 
powder patterns were recorded in 2θ steps of 0.033° in the 5 ≤ 2θ ≤ 35 range with an exposure 
time of 0.3 s per step. Data sets were acquired from 30 to 490 °C every 20 °C in the case of 1–
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CuV10. For 1–CuV, however, the patterns were recorded from 30 to 450 °C every 20 °C 
(Figures A2.3 in the Appendix). and from 3 to 121 °C every 2 °C.  
2.2.2 Synthetic Procedure 
[{Cu(cyclam)}(VO3)2]·5H2O (1–CuV). The metavanadate precursor [(CH3)3CNH3][VO3] 
(0.100 g, 0.60 mmol) was dissolved in distilled water (20 mL) and the pH was adjusted to 9.0 
with aqueous 1M NaOH. Then, a solution of CuSO4·5H2O (0.075 g, 0.30 mmol) and cyclam 
(0.040 g, 0.20 mmol) in distilled water (15 mL) was added dropwise. The mixture was refluxed 
for 2 h, cooled down to room temperature and the formed dark pink precipitate was filtered. 
The resulting dark purple solution was left to slowly evaporate at room temperature and 
purple prismatic crystals suitable for X–ray diffraction were obtained after 3 days. Yield: 49 mg 
(30% based on V). Anal. Calcd (found) for C10H34CuN4O11V2: C, 9.74 (9.29); H, 2.48 (2.38); N, 
4.26 (3.96). IR (cm–1): 3229 (s), 3165 (s), 2936 (m), 2878 (m), 1638 (m), 1474 (w), 1454 (w), 
1442 (w), 1429 (w), 1389 (w), 1358 (w), 1312 (w), 1292 (w), 1253 (w), 1236 (w), 1105 (m), 1091 
(w), 1074 (w), 1062 (w), 1016 (m), 1008 (m), 962 (vs), 920 (vs), 895 (m), 883 (s), 854 (s), 758 (s), 
544 (w), 521 (w), 499 (m), 440 (m).  
[{Cu(cyclam)}(VO3)2]·3H2O (2–CuV). Single crystals of 1–CuV were heated at 40 °C in an 
oven for 1 h, which produced a color change from dark purple to light purple.  
[{Cu(cyclam)}(VO3)2]·1.3H2O (3–CuV). Single crystals of 1–CuV were heated in an oven 
at 60 °C for 1 h, with their color changing to dark pink. 
[{Cu(cyclam)}(VO3)2] (4–CuV). Single crystals of 1–CuV were heated in an oven at 120 °C 
for 1 h and a slight color change to darker purple was observed. 
[Cu(cyclam)][{Cu(cyclam)}2(V10O28)]·10H2O (1–CuV10). The metavanadate precursor 
[(CH3)3CNH3][VO3] (0.170 g, 1.00 mmol) was dissolved in aqueous 1M NaCl (20 mL) and the pH 
was adjusted to 4.6–4.7 with aqueous 0.5M HCl. Then, a solution of CuSO4·5H2O (0.075 g, 0.30 
mmol) and cyclam (0.040 g, 0.20 mmol) in aqueous 1M NaCl (15 mL) was added dropwise. The 
mixture was stirred for 2 h and then filtered to remove a brown solid off. The resulting dark 
brown solution was left to slowly evaporate in an open container at room temperature and 
orange block–like crystals suitable for X–ray diffraction were obtained after 6 days. Yield: 44 
mg (23% based on V). Anal. Calcd (found) for C30H92Cu3N12O38V10: C, 18.68 (18.51); H, 4.80 
(4.69); N, 8.71 (8.60). IR (cm–1): 3186 (vs), 3165 (vs), 2934 (s), 2878 (s), 1627 (s), 1473 (m), 1454 
(m), 1427 (m), 1389 (w), 1358 (w), 1300 (w), 1253 (w), 1236 (w), 1138 (m), 1105 (m), 1062 (m), 
1009 (m), 960 (vs), 883 (m), 835 (s), 748 (s), 594 (s), 532 (s), 559 (s), 440 (s). 
[Cu(cyclam)][{Cu(cyclam)}2(V10O28)] (1a–CuV10). The anhydrous derivative 1a–CuV10 
can be obtained by heating single–crystals of 1–CuV10 at 130 °C in an oven for 1 h. A color 
change from orange to amber was observed upon dehydration. 
2.2.3 Single–Crystal X–Ray Crystallography 
Crystallographic data for compounds 1–CuV, 2–CuV, 3–CuV and 4–CuV as well as 1–
CuV10 and 1a–CuV10 are given in Table 2.1. Intensity data were collected on an Agilent 
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Technologies Super–Nova diffractometer. The diffractometer was equipped with 
monochromated Cu Kα radiation (λ = 1.54184 Å) and Atlas CCD detector in the case of 1–
CuV10, whereas the selected radiation and detector for the other compounds were 
monochromated Mo Kα (λ = 0.71073 Å) and Eos CCD. The data collection of 1–CuV and 1–
CuV10 were carried out at 100 K. In the case of 2–CuV, 3–CuV and 1a–CuV10, a single crystal 
was respectively heated in an oven to 313, 333 and 403 K at a rate of 1 K min–1 and 
immediately afterwards covered with Paratone® oil and placed under the N2 stream of the 
diffractometer, which was ready to perform a full data collection at 100 K. In the case of 4–
CuV, the crystals were heated to 393 K but cracked upon lowering the temperature to 100 K. 
Therefore, the full data collection was acquired at high temperature instead. Data frames were 
processed (unit cell determination, analytical absorption correction with face indexing, 
intensity data integration and correction for Lorentz and polarization effects) using the CrysAlis 
Pro software package.60 The structures were solved using OLEX261 and refined by full–matrix 
least–squares with SHELXL–2014/6.62 Final geometrical calculations were carried out with 
PLATON63 as integrated in WinGX.64  
Table 2.1. Crystallographic data for 1–CuV1, 2–CuV, 3–CuV, 4–CuV as well as 1–CuV10 and 1a–CuV10. 















FW (g mol–1) 551.83 515.80 485.77 461.75 1929.2 1749.0 
Crystal system triclinic triclinic triclinic triclinic triclinic triclinic 
Space group P–1 P–1 P–1 P–1 P–1 P–1 
Z 12 3 3 3 1 1 
Z’ 6 1.5 1.5 1.5 0.5 0.5 
T (K) 100(2) 100(2) 100(2) 393(2) 100(2) 100(2) 
a (Å) 16.4455(3) 8.0199(2) 8.6253(10) 8.751(2) 10.6665(8) 10.6838(3) 
b (Å) 15.0098(5) 13.9524(6) 12.890(2) 13.094(3) 11.9325(9) 11.9275(6) 
c (Å) 27.8995(7) 14.2588(5) 13.368(2) 13.364(3) 13.7832(8) 13.7285(7) 
α (°) 79.513(2) 102.032(3) 103.208(14) 102.449(18) 95.752(5) 94.433(4) 
 (°) 98.024(2) 101.742(3) 106.557(12) 101.653(19) 105.003(6) 104.596(3) 
 (°) 105.156(2) 97.560(3) 95.595(11) 101.148(19) 90.677(6) 92.604(3) 
V (Å3) 6505.5(3) 1502.39(10) 1365.7(4) 1418.7(6) 1684.7(2) 1684.08(13) 
Dcalcd (g cm–3) 1.690 1.710 1.772 1.621 1.902 1.725 
μ (mm–1) 1.873 2.014 2.203 2.111 12.928 2.320 
λ (Å) 0.71073 0.71073 0.71073 0.71073 1.54184 0.71073 
collected reflns 46122 9271 8867 8399 11577 10744 
uniq reflns (Rint) 22908 (0.036) 5290 (0.017) 4794 (0.067) 4991 (0.097) 5977 (0.046) 5939 (0.027) 
obsd reflns [I > 2(I)] 17910 4751 3280 2115 4821 4595 
parameters 1558 406 334 316 469 379 
R(F)a [I > 2(I)] 0.046 0.029 0.089 0.108 0.057 0.040 
wR(F2)b [all data] 0.111 0.074 0.183 0.251 0.166 0.102 
GoF 1.038 1.051 1.132 1.058 1.038 1.044 
a R(F)=Σ||Fo–Fc||/Σ|Fo|;  b wR(F2)={Σ[w(Fo2–Fc2)2]/Σ[w(Fo2)2]}1/2 
Thermal vibrations were treated anisotropically for all non–H atoms and hydrogen 
atoms of the organic ligands were placed in calculated positions and refined using a riding 
model with standard SHELXL parameters for all six compounds. Thirty–five, ten, two and ten 
positions suitable for water molecules of hydration were located in the Fourier maps of 1–CuV, 
2–CuV, 3–CuV and 1–CuV10, respectively, and their occupancy was initially refined without 
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restrictions. The resulting total number of 30.5, 4.3, 2.0, and 5.5 water molecules per 
asymmetric unit was fixed to 30, 4.5, 2 and 5 during the final refinement. The space within the 
channels occupied by the water molecules of hydration was calculated using HOLLOW65 and 
visualized in PyMol.66 
2.2.4 Gas Sorption Measurements 
The porous texture of 1–CuV10 was characterized through the physical adsorption of 
the following gases: N2 at –196 °C and CO2 at 0 °C. The volumetric equipments Autosorb–6B 
and Autosorb–6 were used respectively. The measurements were performed on crystalline 
samples that were previously outgassed at 150 °C under vacuum for 4 hours. The Dubinin–
Radushkevich (DR) equation67 was used to calculate the micropore volume. The calculation of 
pore volumes were carried out as follows: a) the volume of the narrow micropores or 
ultramicropores (VCO2, pore size < 0.8 nm) was estimated from the CO2 DR plots at relative P/P0 
pressures lower than 0.015; b) the total volume of micropores (VN2, pore size < 2 nm) was 
calculated from N2 DRs plots at relative P/P0 pressures lower than 0.14.68 
2.2.5 Catalytic Tests 
The oxidation of adamantane was conducted in a glass reactor (27 cm3 of inner volume) 
located inside a stainless steel vessel (45 cm3 of inner volume) coupled to a manometer to 
monitor the system pressure. The following reactants and solvent were used for the catalytic 
test: 25 mg of adamantane, 3 cm3 of hydrogen peroxide (30%), 10 cm3 of acetonitrile, two 
drops of concentrated HCl and 100 mg of 1–CuV10 hybrid (5∙10–5 moles). For comparative 
purposes, V2O5 (Aldrich), and two Keggin–type heteropolyacids supported on ZrO2 
(H3[PMo12O40] and H4[PVMo11O40], 30 wt.% of POM) were also tested. A small Teflon–coated 
magnet was added to the mixture and the whole system was immersed in a thermostatic bath 
of polyethylene glycol at 75 °C while stirring at 800 rpm. A reaction time of 6 h was selected as 
the optimum value to allow for complete conversion but minimizing hydrogen peroxide 
decomposition. Both shorter (3 h) and longer (up to 12 h) reaction times were also tested for 
comparative purposes. The reaction products of the oxidation of adamantane were identified 
by analyzing an aliquot of the solution (20 μL) taken at the end of the reaction time with an 
Agilent 6890 gas chromatograph equipped with an HP–1 column of size 30 m x 250 µm x 0.25 
µm and coupled to an Agilent 5975 mass spectrometer. Upon identification of all reaction 
products, the conversion and their evolution were quantitatively estimated using a flame 
ionization detector coupled to the gas chromatograph above. 
2.3 RESULTS AND DISCUSSION 
2.3.1 Synthesis 
The synthesis of 1–CuV was carried out by reacting tert–butylammonium metavanadate 
with cyclam and a copper(II) sulfate salt in aqueous medium at pH = 9. Different vanadate 
sources such as commercial Na(VO3) and NH4(VO3), as well as the preformed 
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[(CH3)3CNH3](VO3), were used to determine whether the counterions play any role in the 
formation of 1–CuV. Analogously, different copper(II) salts were also tested as the transition 
metal source (chloride, acetate and nitrate salts). No template effect of the cations was 
observed and all three metavanadate reagents led to compound 1–CuV, although slight 
differences were observed in terms of yield and crystallization speed, being the most optimal 
reaction that with the alkylammonium salt. While the choice of the transition metal salt did 
not affect the reaction in any apparent way, the pH of the reaction medium has a key influence 
in the isolation of 1–CuV as a pure crystalline phase. When the pH was adjusted to basic values 
lower than 8.5, mixtures of 1–CuV with crystals of a second metavanadate–containing hybrid 
phase (labelled as 2–CuV) were obtained. Compound 1–CuV was the major component in all of 
these mixtures as indicated by the PXRD patterns. Moreover, when the pH was lowered to 
values below 6.0, crystals of a decavanadate–containing hybrid specie (1–CuV10) were isolated 
instead of the metavanadate hybrid 1–CuV according to FT–IR spectroscopy (Figure 2.9). These 
crystals were obtained in trace amounts in mixtures with a yet unidentified powder in the 
specific pH range 4.0–6.0 whereas no identifiable solid product was obtained at pH values 
below 4.0.  
 
Figure 2.9. Scheme of the synthesis (left) and comparison between the FT–IR spectra for the two different 
isopolyoxovanadate hybrids highlighting the different regions where the characteristics vibration bands of each 
building blocks appear (right) for 1–CuV and 1–CuV10. 
Different reaction temperatures were also investigated (room temperature, 80 °C and 
reflux conditions). Compound 1–CuV was obtained in all tested temperatures but we found 
that the reaction involving [(CH3)3CNH3](VO3) under reflux conditions (pH = 9) afforded the 
best yields. Moreover, differences in the crystallization speed were also observed: the 
reactions at room temperature and 80 °C yielded crystals after approximately two weeks 
whereas 1–CuV crystallized in just three days from that performed under refluxing conditions. 
Therefore, this particular synthetic system, while strongly dependent on the pH of the reaction 
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media, it also appears to be affected by the temperature in a significant way. Although no 
synthetic conditions led to crystallization of compound 2–CuV as a single crystalline phase, we 
found that pure batches of this compound could be prepared just by heating crystals of 1–CuV 
at 40 °C for an hour, as it will be commented below. Analogously, compounds 3–CuV and 4–
CuV could only be obtained by heating samples of 1–CuV or 2–CuV (60 °C and 120 °C, 
respectively), as we could not find any synthetic route to isolate them from solution. This fact 
nicely illustrates how thermally triggered solid–state reactions can provide access to 
compounds otherwise impossible to be prepared directly from solution reactions. 
Regarding the optimization of the reaction that leads to the above mentioned 
decavanadate hybrid, we limited our synthetic studies to the pH range 4–6 and conducted 
several experiments in aqueous media to check the influence of the following parameters on 
the reaction outcome: pH, temperature, type of precursor (metavanadate vs. decavanadate), 
and solvent. Neither the temperature nor the precursors appear to have any apparent effect 
on the final product, as reactions carried out at different temperatures up to reflux conditions 
or using the preformed [(CH3)3CNH3]4[H2V10O28]·8H2O resulted in similar mixtures of crystals of 
1–CuV10 with the powder as the major component. In close analogy to 1–CuV hybrid, the pH 
plays a key role for the isolation of the hybrid decavanadate in a pure manner. We managed to 
prepare 1–CuV10 as a single, homogeneous crystalline phase at a controlled pH value of 4.6–
4.7 as evidenced by the FT–IR spectra and the PXRD patterns, although the yield obtained was 
still certainly poor (around 1% with cyclam as the limitant). This is due to the formation of 
large amounts of a brown precipitate as the reaction proceeds, which contains the title 
compound but in impure bulk form as evidenced by FT–IR and PXRD analyses (Figure A2.5 in 
the Appendix). 
Fortunately, a change in the solvent favored the formation of our hybrid decavanadate 
by increasing the yield of the crystalline phase and reducing the time for crystallization. When 
water was replaced with aqueous 1M NaCl and the optimized conditions determined above 
were applied (metavanadate precursor, room temperature, pH 4.6–4.7), formation of the 
impure bulk form was minimized and crystallization of 1–CuV10 took place in a few days 
instead of the several weeks needed in the original attempts. The resulting yield was 
drastically improved to above 20%, proving that the ionic strength also has a key influence in 
this particular synthetic system. It is worth mentioning that we also tried to prepare analogues 
of 1–CuV and 1–CuV10 but using other divalent transition metals (MnII, CoII, NiII, and ZnII) 
instead of CuII, but unfortunately, we could not obtain any crystalline material from these 
experiments. This fact confirms that the plasticity of the coordination sphere of the CuII centers 
plays a key role in the formation of both our meta– and decavanadate hybrids, as it will be 
shown in the structural description below. 
2.3.2 Dynamic Metavanadate/Metalorganic Open–Frameworks 
Vibrational characterization and thermostructural behavior of 1–CuV 
The initial characterization of compound 1–CuV was performed by FT–IR. The infrared 
spectrum of 1–CuV is very similar to that shown by the metavanadate precursor although 
some notable differences can be observed (Figure 2.10). The bands corresponding to the νs(V–
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Ot) vibration in all hybrid compounds are slightly shifted to lower wavenumbers, compared to 
the metavanadate precursor while those associated with the νas(V–Ot) vibration split into four 
weaker signals. In addition, the position of the signal of strong intensity originating from the 
νas(V–Ob–V) vibration differs greatly from that of the precursor. This signal migrates to lower 
wavenumbers as the sample is dehydrated in such a way that it appears at 756 cm–1 for 1–CuV 
while it is centered at 735, 702 and 679 cm–1 for 2–, 3– and 4–CuV, respectively. Regarding the 
metal–organic region of the FT–IR spectra, the peaks associated with the stretching of the –N–
H and –C–H bonds are respectively observed at 3200–3150 and 2900–2860 cm–1, whereas 
several weak to medium signals corresponding to the δ(C–H) and ν(N–C) vibration modes are 
also present in the 1490–1230 and 1100–1000 cm–1 ranges. These signals confirmed the 
presence of the cyclam ligands in our compounds. 
 
Figure 2.10. FT–IR spectra of 1–CuV and its thermal derivatives compared to that of the [(CH3)3CNH3][VO3] 
precursor with details of the inorganic region below 1000 cm–1. 
The thermal stability of 1–CuV was investigated by TGA experiments, which show that 
the title compound decomposes through three mass loss stages with similar profiles (Figure 
2.11). The first stage is observed as an endothermic mass loss that extends from room 
temperature to temperatures around 120 °C and originates from the release of all water 
molecules of hydration. The mass loss (15.88%) corresponds to 5 water molecules per two 
vanadium atoms (calc. 16.30%). Dehydration leads to an anhydrous phase (4–CuV) that 
displays a significant range of thermal stability extending up to ca. 200 °C. Above this 
temperature, the anhydrous phase undergoes further decomposition via two overlapping mass 
loss stages of exothermic nature associated with the combustion of the organic ligands. The 
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overall mass loss for this second stage (37.50%) is in good agreement with one cyclam ligand 
per two vanadium atoms (calc. 37.17%). The final residue (46.6%) is obtained at temperatures 
above ca. 440 °C (calc for CuV2O6: 47.4%).  
Variable–temperature powder X–ray diffraction measurements (TPXRD) between 3 and 
450 °C show that, as the dehydration proceeds, 1–CuV transforms into two other crystalline 
phases before leading to the final anhydrous derivative (4–CuV), and hence two different 
partially hydrated intermediates must exist. The temperatures at which these two solid–state 
phase transitions take place are 27 and 49 °C (Figure 2.11). The diffraction maxima within this 
range of temperatures corresponds to those observed for the minor component in the 
mixtures of crystalline phases obtained when the synthesis of 1–CuV was carried out at basic 
values other than 9.0. Therefore, the first partially dehydrated intermediate observed in the 
TPXRD studies is the same compound 2–CuV that co–crystallized with 1–CuV in our systematic 
investigations on the influence of the pH in the Cu2+:cyclam:VO3– synthetic system. The 
transformation of the second partially hydrated intermediate (3–CuV) into the final anhydrous 
phase 4–CuV is not as well defined as the two transitions mentioned above. The TPXRD 
patterns are not substantially modified from 49 to 110 °C (at which all water molecules of 
hydration are released according to the TGA curve), and only subtle variations can be observed 
in some of the diffraction maxima of weak intensity that appear at 2 angles above 10°. For 
example, the two groups of signals in the 10 < 2θ < 15° range undergo a gradual change in 
their relative intensities that can be traced back to ca. 73 °C (Figure 2.11), and this fact 
suggests that the final form of the hybrid {Cu(cyclam)}/VO3 framework in the anhydrous phase 
4–CuV is adopted above the latter temperature. This form is able to retain crystallinity upon 
total dehydration up to temperatures around 190 °C, in such a way that the anhydrous 
derivative 4–CuV only becomes amorphous within the temperature range corresponding to 
the combustion of the organic ligands. The above results are in good agreement with the 
observations in the TGA curves of compound 1–CuV. A new crystalline phase corresponding to 
the final residue starts appearing above 290 °C and reaches full formation at 450 °C. As shown 
in Figure A2.3 in the Appendix, this final residue has been identified as a mixture of the 
orthorhombic Pmn21 phase of V2O5 (PDF: 01–076–1803)69 and the monoclinic C2/c phase of 
Cu2V2O7 (PDF: 01–073–1032)70 in similar amounts. Traces of the orthorhombic Pmn21 phase of 
CuV2O6 (PDF: 00–016–0127)71 have been detected as well. 
It is well known that guest solvent molecules located in cavities or channels can often be 
removed from the open framework host material without causing its collapse, and 
furthermore, that they can also be reinserted sometimes. In order to explore this possibility, 
we decided to carry out single–crystal XRD studies in an attempt to determine the structure of 
the new crystalline phases that are formed during the dehydration process of 1–CuV: the two 
partially dehydrated intermediates observed in the 27–49 and 49–73 °C ranges (2–CuV and 3–
CuV) and the anhydrous phase (4–CuV). A single crystal of 1–CuV for which full intensity data 
were initially collected at 100 K was selected, and the temperature was raised from room 
temperature to 40 °C at a rate of 1 °C min–1. At this point, the temperature was lowered back 
to 100 K to perform a full data collection. The crystal preserved its integrity and crystallinity 
during the whole process and this allowed us to determine the structure of 2–CuV. This 
process was repeated with a second crystal but the temperature was raised to 60 °C instead, 
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which allowed us to structurally characterize the phase 3–CuV. As mentioned above, the 
diffraction patterns do not undergo major changes from 49 to 190 °C (Figure 2.11) and this 
suggests that the final anhydrous phase 4–CuV shares a similar packing with the partially 
dehydrated intermediate 3–CuV. To verify this observation, we attempted to perform the data 
collection of 4–CuV by following an analogous procedure but heating at 120 °C. Unfortunately, 
the crystal cracked systematically when cooling down to 100 K, leading to datasets of poor 
quality. Therefore, we decided to skip the cooling stage and carried out the full data collection 
at 393 K. The diffraction data obtained at this temperature were of sufficient quality to refine 
the structure of 4–CuV to acceptable final agreement factors. 
 
Figure 2.11. Variable–temperature powder X–ray diffraction (TPXRD) studies together with the TGA/DTA curves for 
1–CuV. The range of thermal stability for each crystalline phase and the temperatures at which the transformations 
take place are highlighted (left). The most relevant changes in the diffraction patterns when going from 3–CuV to 
the anhydrous 4–CuV are also marked (right). 
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Crystal structure of 1–CuV hybrid 
Compound 1–CuV crystallizes in the triclinic P–1 space group. The asymmetric unit of 1–
CuV contains two different vanadate fragments. Each fragment corresponds to a 
crystallographically independent metavanadate polymeric anion (labelled as chain A and chain 
B) and is built of six corner–sharing {VO4} tetrahedra. The asymmetric unit is completed with 
six {Cu(cyclam)} complexes and thirty water molecules of hydration.  
 
Figure 2.12. Crystal packing of 1–CuV viewed along the x axis (left), showing the two different types of channels 
(Ch1 and Ch2) and details of the hosted water molecules and their estimated dimensions (cyclam ligands are 
omitted for clarity); color code: {VO4} (orange: chain A; dark red: chain B), Cu (blue)). Surface of the hybrid 
framework showing the shape of the different channels (right). 
 
Table 2.2. Cu–O and Cu–Nmean bond lengths (Å) as well as the polyhedral distorsion (CShM) of the {Cu(cyclam)} 
complexes in 1–CuV and its thermal derivatives 2‒CuV, 3‒CuV and 4‒CuV. 
1‒CuV 2‒CuV 3‒CuV 4‒CuV 
Cu1A–Nmean 2.015 Cu1D–Nmean 2.014 Cu1A–Nmean 2.011 Cu1A–Nmean 2.007 1.996 
Cu1A–O5M 2.431(3) Cu1D–O8M 2.411(3) Cu1A–O3M 2.523(3) Cu1A–O2 2.643(7) 2.636(11) 
Cu1A–O2Mi 2.524(3) Cu1D–O11Miv 2.566(3) Cu1A–O3Mi 2.523(3) Cu1A–O2i 2.643(7) 2.636(11) 
OC–6 1.286 OC–6 1.293 OC–6 1.372 OC–6 1.898 1.941 
Cu1B–Nmean 2.013 Cu1E–Nmean 2.017 Cu1B–Nmean 2.017 Cu1B–Nmean 2.013 2.002 
Cu1B–O4M 2.335(3) Cu1E–O1M 2.479(3) Cu1B–O1M 2.493(3) Cu1B–O1M 2.587(8) 2.494(10) 
Cu1B–O10Mii 2.770(3) Cu1E–O7Mv 2.450(3) Cu1B–O1Mii 2.493(3) Cu1B–O1Mii 2.587(8) 2.494(10) 
OC–6 1.823 OC–6 1.219 OC–6 1.146 OC–6 1.666 1.194 
Cu1C–Nmean 2.019 Cu1F–Nmean 2.021 Cu1C–Nmean 2.020 Cu1C–Nmean 2.022 2.008 
Cu1C–O6M 2.713(3) Cu1F–O3M 2.398(3) Cu1C–O2M 2.523(3) Cu1C–O2M 2.446(8) 2.420(10) 
Cu1C–O12Miii 2.457(3) Cu1F–O9M 2.587(3) Cu1C–O2Miii 2.523(3) Cu1C–O2Miii 2.446(8) 2.420(10) 
OC–6 1.966 OC–6 1.363 OC–6 1.257 OC–6 1.063 1.057 
Symmetry codes: 1‒CuV: i) 1–x, 1–y, –z; ii) 1+x, 1+y, z; iii) 1+x, y, z; iv) –x, –y, 1–z; v) x, 1+y, z. 2‒CuV: i) 1–x, 2–y, 1–z; 
ii) 1–x, 1–y, z; iii) 1–x, 2–y, –z. 3‒CuV: i) 1–x, –1–y, 2–z; ii) –x, –y, 1–z; iii) 1–x, 1–y,  1–z. 4‒CuV: i) 1–x, 1–y, 1–z; ii) 2–
x, 2–y, 2–z; iii) 2–x, 1–y, 2–z. CShM: reference polyhedron OC–6 (octahedron). 
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All of the six crystallographically independent {Cu(cyclam)} complexes found in 1–CuV 
act as bridging metal–organic blocks between metavanadate chains. The coordination spheres 
of all CuII centers show distorted octahedral geometries, as indicated by continuous shape 
measures (CShM),72 with the four N atoms of the cyclam ligand forming the equatorial plane 
and the axial positions occupied by terminal O atoms from different vanadate tetrahedra 
(Figure 2.12 and Table 2.2). While all CuN4O2 chromophores show significant Jahn–Teller 
elongation, it must be noted that this type of distortion is especially remarkable for Cu1B and 
Cu1C, as shown by one of their respective axial Cu–O bonds that shows lengths near those of 
semi–coordination as well as their calculated CShM values, which are the highest among all 
complexes (Table 2.2). All of the complexes found in 1–CuV display the trans–III configuration, 
that is, two N–H bonds above and the other two below the CuN4 equatorial plane. This is in 
perfect agreement with previous reports, which have shown that the most favorable 
configuration of a {Cu(cyclam)} complex with octahedral geometry is the trans–III.73 
 
Fig 2.13. Connectivity between metavanadate chains in compound 1–CuV with atom labeling (cyclam ligands and 
water molecules of hydration are omitted for clarity). Color code: {VO4} (orange: chain A; dark red: chain B), Cu 
(blue). Symmetry codes: i) 1+x, y, z; ii) –1+x, y, z; iii) 1–x, –y, 1–z; iv) x, –1+y, z; v) 1+x, 1+y, z; vi) x, 1+y, z; vii) 1–x, 1–
y, 1–z; viii) –x, 1–y, 1–z; ix) –x, –y, 1–z; x) 1–x, 1–y, –z. 
The crystal packing of 1–CuV can be described as a three–dimensional porous structure 
formed by metavanadate chains that extend along the x axis and are covalently linked to 
neighboring antiparallel chains by {Cu(cyclam)} bridging moieties in such a way that all {VO4} 
tetrahedra display one complex anchored to a terminal O atom. This arrangement of polymeric 
anions and metal–organic complexes results in a hybrid I3O0–type open framework with two 
different types of hexagonal channels parallel to the [100] direction where all the water 
molecules are located (Figure 2.12). The metavanadate chain A is formed by the six corner–
| Chapter 2 
 
62 
sharing {VO4} tetrahedra V1 to V6, whereas chain B consists of another six crystallographically 
independent VO4 units labelled as V7 to V12. As shown in Figure 2.13, the metal–organic 
complexes Cu1B, Cu1C, Cu1E and Cu1F link tetrahedra belonging to different chain types along 
the y axis, whereas Cu1A and Cu1D connect equivalent chains (type A and B, respectively) 
forming pairs along the z axis. Each pair of A–type chains is connected to four neighbouring 
pairs of B–type chains (and vice versa) in such a way that water containing hexagonal channels 
are generated. This connectivity originates two distinct type of channels, channel 1 (Ch1) and 2 
(Ch2). Each channel is delimited by four chains of one type and two chains of the second type 
(four A–type and two B–type for Ch1 and vice versa), which are connected by copper atoms 
with approximate cross sections of 12.6 x 13.6 Å2 for Ch1 (distances O11M···O11M and 
N8C···N8C) and 12.1 x 12.6 Å2 for Ch2 (distances O2M···O2M and N1F···N1F). The total solvent 
accessible volume is 1730 Å3 which corresponds to a 26% of the unit cell volume of 1–CuV, as 
calculated using the PLATON software (Ch1: 922 Å3, 14% and Ch2: 808 Å3, 12%). An intrincate 
network of C–H···O and N–H···O interactions between the cyclam ligands and the oxygen 
atoms of the metavanadate chains and some of the water molecules further contribute to the 
structural stability. Distances and angles of such interactions are compiled in Table 2.3.  
Table 2.3. Intermolecular N–H···O and C–H···O interactions in 1–CuV compound. 
Donor–H···Acceptor D···A (Å) D–H···A (°) Donor–H···Acceptor D···A (Å) D–H···A (°) 
N1A–H1A···O2i 3.026(5) 170 N1D–H1D···O8 3.005(5) 164 
N4A–H4A···O61 2.934(5) 147 N4D–H4D···O127iv 3.014(5) 138 
N11A–H11A···O3i 2.976(5) 146 N8D–H8D···O11iv 3.210(5) 156 
C10A–H10B···O30Wi 3.474(6) 163 N8D–H8D···O14Wv 3.235(6) 126 
C9A–H9AA···O3i 3.330(5) 127 N11D–H11D···O9 2.863(5) 151 
C5A–H5AB···O12iii 3.467(5) 146 — — — 
N4B–H4B···O15W 3.046(5) 169 N1E–H1E···O8ii 3.148(5) 161 
N8B–H8B···O5 2.984(5) 166 N4E–H4E···O1 2.931(5) 164 
N11B–H11B···O10vi 2.903(5) 173 N8E–H8E···O23 3.196(5) 146 
C10B–H10E···O56 3.282(6) 169 N11E–H11E···O25W 3.075(5) 145 
C14B–H14F···O21W 3.441(7) 139 C13E–H13K···O29W 3.503(6) 150 
— — — C3E–H3EB···O89viii 3.352(6) 139 
N1C–H1C···O61 2.896(4) 162 N1F–H1F···O3 2.943(5) 163 
N4C–H4C···O101iii 3.208(5) 148 N4F–H4F···O89 3.346(5) 167 
N8C–H8C···O127iii 3.045(5) 164 N8F–H8F···O9 2.836(5) 170 
N11C–H11C···O56 3.185(4) 165 N11F–H11F···O12 3.243(5) 143 
C10C–H10J···O4 3.513(6) 164 C12F–H12C···O61vii 3.440(5) 146 
C12C–H12J···O7 3.449(5) 148 C13F–H13C···O2M 3.441(6) 163 
C13C–H13J···O5M 3.385(5) 158 C3F–H3FA···O7 3.400(6) 173 
C14C–H14I···O12Miii 3.113(5) 125 C3E–H3EB···O89viii 3.352(6) 139 
Symmetry codes: i) 1–x, 1–y, –z; ii) x, 1+y, z; iii) 1+x, y, z; iv) –x, –y, 1–z; v) 1–x, 1–y, 1–z; vi) 1+x, 1+y, z; vii) –1+x, y, z, 
viii) x, 1+y, z. 
The crystal packing of 1–CuV is reminiscent of that found by Ou and co–workers in 
[{CuL}(VO3)2]·0.33H2O,27 where L stands for 5,5,7,12,12,14–hexamethyl–1,4,8,11–
tetraazacyclotetradecane (Figure 2.5). However, some noticeable differences can be found 
between the structures of both compounds. While 1–CuV shows two distinct types of 
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distorted–hexagonal channels, [{CuL}(VO3)2]·0.33H2O displays only a single type of hexagonal 
channel with regular shape. This channel is significantly smaller than those found in 1–CuV 
(754 Å3, 14%) due to the strong steric hindrance effects induced by the methyl groups. 
Moreover, the channels in Ou’s metavanadate hybrid constitute highly hydrophobic regions 
because the methyl groups point to the center of the pores. This fact results in a significantly 
lower number of water molecules hosted within compared to those found in the hydrophilic 
pores of compound 1–CuV. 
Thermally induced SCSC transformations:  2–CuV, 3–CuV and 4–CuV hybrids 
Compounds 2–4–CuV also crystallize in the triclinic P–1 space group, but in contrast to 
1–CuV, the asymmetric units of these compounds contain a single metavanadate chain 
fragment composed of only three corner–sharing {VO4} tetrahedra, together with three halfs 
of {Cu(cyclam)} complexes located in inversion centers and coordinated to the vanadate 
polyhedra. Four and a half and two water molecules of hydration complete the asymmetric 
units of 2–CuV and 3–CuV, respectively. As observed for 1–CuV, all of the {Cu(cyclam)} 
centrosymmetric complexes present in the structures of 2–4–CuV (Cu1A, Cu1B and Cu1C) also 
display elongated octahedral CuN4O2 coordination geometries with trans–III configuration and 
similar bond lengths in general (Table 2.2). Even though the inorganic building block is 
common to all four compounds, the comparison between the metavanadate chains reveals 
significant structural differences that are attributable to the intrinsic flexibility of this 
polymeric anion, which allows it to modify the orientation of the {VO4} polyhedra as the water 
molecules of hydration are removed. Thus, although the V–O distances and O–V–O angles do 
not change significantly when going from the fully hydrated 1–CuV to the anhydrous 4–CuV, 
the torsion angles between consecutive groups of V and Ob atoms along the chains are 
remarkably modified as shown in Table 2.4. 
Table 2.4. Selected V–Ob–V–Ob and Ob–V–Ob–V torsion angles (°) in the vanadate chains of 1–4–CuV. 
1–CuV 2‒CuV 3‒CuV 4‒CuV 
O6–V1–O12–V2 164 O712–V7–O78–V8 114 O13–V1–O12–V2 61 163 162 
V1–O12–V2–O23 77 V7–O78–V8–O89 82 V1–O12–V2–O23 61 158 136 
O12–V2–O23–V3 86 O78–V8–O89–V9 138 O12–V2–O23–V3 158 110 97 
V2–O23–V3–O34 156 V8–O89–V9–O910 94 V2–O23–V3–O13 82 104 121 
O23–V3–O34–V4 168 O89–V9–O910–V10 175 V3–O13–V1–O12 171 142 139 
 
Figure 2.14. Comparison between the metavanadate chains in 1–4–CuV hybrid compounds. 




Figure 2.15. Crystal packing of compounds 2–CuV (a), 3–CuV (b) and 4–CuV (c) viewed along the x axis with details 
of the channel dimensions and the hosted water molecules (left); surface of the hybrid frameworks showing the 
channels (center); and connectivity between the metavanadate chains through different Cu atoms with atom 
labelling (right) with distances between the nearest equivalent tetrahedral (cyclam ligands are omitted for clarity). 
Color code: {VO4} (orange), Cu (blue). 
Regarding compound 2–CuV, significant structural changes take place upon partial 
dehydration compared to the structure of the parent compound 1–CuV. Besides the fact that 
the number of crystallographically independent metavanadate fragments is reduced to one 
unique chain with a decrease in the periodicity from 6 to 3 {VO4} units, the transition from 1–
CuV to 2–CuV also involves drastic changes in some of the cell parameters. While the 
parameter b remains almost invariable, a and c are halved, and thus the volume of the unit cell 
is reduced almost four times compared to 1–CuV (Table 2.1). This is reflected in a contraction 
of the polymeric anions in the crystal packing with a clear shortening of the distance between 
consecutive equivalent V atoms in the metavanadate chains (Figure 2.15). For example, the 
distance between a given V atom and the nearest equivalent in the chain of 1–CuV with a 
periodicity of 6 is 16.445 Å, whereas 2–CuV displays an analogous distance between a V atom 
and its second nearest equivalent (periodicity 3) of only 16.040 Å. The significant variations in 
the torsion Ob–V–Ob–V angles along the chains are at the origin of the observed metavanadate 
contraction when 1–CuV is transformed into 2–CuV (Figures 2.14). Due to the crystal 
Polyoxovanadate‒Metalorganic Hybrid Frameworks | 
 
65 
rearrangement, the copper atoms in 2–CuV link equivalent chains arranged in antiparallel 
fashion as opposed to the assembly determined for 1–CuV. Therefore, the crystal packing of 2–
CuV shows only one type of hexagonal channel along the x axis in which the remaining water 
molecules of hydration reside (Figure 2.15a). 
Table 2.5. Intermolecular N–H···O and C–H···O interactions in 2‒CuV, 3‒CuV and 4‒CuV. 
2‒CuV 3‒CuV 4‒CuV 
Donor–H···Acceptor D···A (Å) Donor–H···Acceptor D···A (Å) Donor–H···Acceptor D···A (Å) 
N1A–H1A···O3 3.072(3) N1A–H1A···O3i 2.976(10) N1A–H1A···O3Mi 3.198(17) 
N4A–H4A···O2 2.868(3) N4A–H4A···O12ii 3.035(11) N1A–H1A···O23i 3.283(17) 
C7A–H7AB···O3W 2.885(11) C2A–H2AA···O1vi 3.245(13) N4A–H4A···O12 3.077(15) 
C7A–H7AB···O5W 3.602(9) C2A–H2AB···O3i 3.123(13) C2A–H2AA···O3Mi 3.21(2) 
— — C3A–H3AB···O3viii 3.421(13) C3A–H3AA···O3M 3.40(2) 
— — C6A–H6AB···O2Wvii 3.364(13) C3A–H3AA···O13 3.32(2) 
N1B–H1B···O1i 2.948(3) N1B–H1B···O12 3.039(10) N1B–H1B···O12 3.073(17) 
N4B–H4B···O23 3.107(3) N4B–H4B···O3Mi 3.157(10) N4B–H4B···O3ii 2.831(19) 
C3B–H3BA···O12iv 3.439(3) N4B–H4B···O13v 2.993(10) C2B–H2BA···O3iv 3.42(2) 
C6B–H6BB···O3 3.480(4) C3B–H3BA···O3Mi 3.220(12) — — 
C6B–H6BA···O9Wv 3.442(17) C5B–H5BB···O1M 3.205(11) — — 
— — C6B–H6BB···O1W 3.328(13) — — 
N1C–H1C···O2ii 2.931(3) N1C–H1C···O1iv 2.881(11) N1C–H1C···O1 2.956(18) 
N4C–H4C···O13iii 3.147(3) N4C–H4C···O2iii 3.135(12) N4C–H4C···O2iii 3.005(16) 
C2C–H2CA···O8Wvi 3.101(18) C2C–H2CB···O1iv 3.028(13) C2C–H2CA···O2v 3.30(2) 
C3C–H3CA···O12iii 3.408(3) C6C–H6CB···O1Wv 3.499(13) C7C–H7CA···O1iv 3.27(2) 
C6C–H6CB···O3Miii 3.448(3) — — — — 
Symmetry codes: 2‒CuV: i) 1–x, 1–y, –z; ii) x, y, 1+z; iii) 1–x, 2–y, 1–z; iv) –1+x, y, z; v) 1–x, 1–y, 1–z; vi) x, y, –1+z. 
3‒CuV: i) 1–x, –y, 1 –z; ii) x, –1+y, –1+z; iii) 1–x, 1–y, 1–z; iv) –x, 1–y, 1–z; v) –x, –y, 1–z; vi) x, –1+y, –1+z; vii) 1–x, –y, –
z; viii) –1+x, –1+y, –1+z. 4‒CuV: i) 1–x, 2–y, 2–z; ii) 1–x, 1–y, 1–z; iii) 2–x, 1–y,2 –z; iv) 1+x, y, z; v) –x, –y, –z; vi) 1–x, 1–
y, –z. 
Nevertheless, the overall hybrid framework of 2–CuV is still highly reminiscent of that 
described for the parent compound 1–CuV because each channel is delimited by six 
metavanadate chains linked to each other through the coordination spheres of six alternating 
{Cu(cyclam)} moieties. The Cu–O distances in 2–CuV are in general slightly shorter than those 
observed in 1–CuV (Table 2.2), and this fact evidences that the chains approach each other as 
a result of the removal of two water molecules, which has a noticeable effect in the channel 
volume of 2–CuV. The channels show an approximate cross section of 10.2 x 13.8 Å2 (distances 
O1···O3 and N1C···N1C) and hence one of the dimensions remarkably shortens compared to 
those found in either Ch1 or Ch2 in 1–CuV. Moreover, the solvent accessible volume for 2–CuV 
is 339 Å3, which corresponds to a 22% of the unit cell volume, and this value is somewhat 
smaller than the 26% found in 1–CuV. This porous structure is still held together by several C–
H···O and N–H···O contacts, the geometrical parameters of which are listed in Table 2.5.  
The SCSC transformation of 2–CuV into 3–CuV upon further dehydration results in 
additional relevant changes in the overall hybrid framework. The fluxional metavanadate 
chains stretch back along the [100] direction (Figures 2.14 and 2.15) and this increases the 
lattice parameter a from 8.02 to 8.60 Å. Consequently, the distance between consecutive 
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equivalent V atoms in the polymeric anion (17.251 Å) is lengthened remarkably compared to 
that observed for 2–CuV (16.040 Å) and is even much longer than that found in the parent 
hybrid 1–CuV (16.445 Å). This lengthening of the V···V distances is accompanied by a general 
increase of the torsion Ob–V–Ob–V angles (Table 2.4). The other cell parameters b and c are 
slightly reduced when 2–CuV is transformed into 3–CuV (Table 2.1), which indicates that the 
hybrid framework undergoes subtle compression in those directions. This compression 
translates into a slight decrease of the unit cell volume from 1502 to 1365 Å3. The solvent 
accessible channels are still present in 3–CuV and are still formed through the linkage of six 
chains by alternating {Cu(cyclam)} complexes in an analogous hexagonal fashion (Figure 
2.15b). However, the stretching of the metavanadate anions displaces the Cu1A atom from 
being coordinated to the V3 tetrahedron to anchor at the V2 neighbor. Thus, the 
transformation of 2–CuV into 3–CuV implies the cleavage and formation of certain Cu–O bonds 
(Cu1A–O3M and Cu1A–O2M, respectively, see Table 2.2) which appears to be due to a sliding 
motion between the metavanadate chains as they stretch. This reallocation of the copper 
atoms leaves the V3 tetrahedron without any grafted complex while both Cu1C and Cu1A 
moieties become coordinated to V2. The result of this atom migration is a drastic change in the 
solvent accessible volume of the channels, which occupy only a 9% of the unit cell volume of 
3–CuV (approximately 118 Å3). This is a substantial decrease when compared to the value of 
22% found in 2–CuV. Indeed, the approximate dimensions of the channels present in the 
hybrid framework of 3–CuV decrease to 8.5 x 12.2 Å2 (distances O3···O3 and N4C···N4C). 
When 3–CuV is heated to 120 °C, all water molecules are removed from the channels 
and the anhydrous phase 4–CuV is obtained. As opposed to the previous SCSC transformation, 
no significant structural modifications were observed in the chains that form 4–CuV except 
some minor changes in the overall disposition of the vanadate tetrahedra (Figures 2.14 and 
2.15c). It is worth noting however, that these slight structural modifications resulted in a 
substantial increase of the solvent accessible volume in the channels from the 9% of the unit 
cell in 3–CuV to a 15% in 4–CuV (206 Å3 approximately). This enlargement is due to the 
lengthening of only one of the dimensions of the channels, which are approximately 8.5 x 13.1 
Å2 in 4–CuV (distances O3···O3 and N4C···N4C).  
Reversibility of the SCSC transformations 
Simple TGA experiments were performed to explore the reversibility of the sequential 
SCSC transformations observed during the dehydration of 1–CuV. Crystalline samples of this 
compound were heated at a rate of 2 °C min–1 up to 150 °C, and the so–generated anhydrous 
samples were kept for a few days in an open container and then heated again at the same 
rate. The TGA profiles recorded for these anhydrous samples exposed to ambient atmosphere 
for 1 and 4 days are virtually identical (Figure A2.6 in the Appendix) and differ greatly from the 
mass loss observed in the initial TGA curve. The initial amount of water is 15.72% but only a 
5.30% is recovered upon exposure to air. This value is almost identical to the water content in 
the intermediate phase 3–CuV. Indeed, the TGA curves of freshly prepared samples of 2–CuV 
and 3–CuV (see Experimental Section) show mass losses of 10.10 and 5.10% that respectively 
correspond to 3 (calc. 10.46%) and 1.3 (calc. 4.82%) water molecules per two vanadium atoms. 
These observations are in good agreement with the water molecules determined by single–
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crystal X–ray diffraction data for both compounds. In view of these results, we concluded that 
the anhydrous phase is not able to undergo full rehydration or needs longer periods to revert 
to the original hydrated compound 1–CuV or to the intermediate derivative 2–CuV. 
 
Figure 2.16. Monitoring of the reversibility of the gradual transformation of 2–CuV into 1–CuV by TGA and PXRD.  
To corroborate the latter hypothesis, we monitored the reversibility of such 
transformations by combined TGA and PXRD experiments performed once per week during ca. 
one month on samples of compounds 2–4–CuV that were prepared as described in the 
Experimental Section and stored in an open container exposed to ambient moisture. Among 
other modifications, the sequential PXRD patterns of 2–CuV evidenced a gradual decrease in 
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the intensity of its characteristic diffraction maximum at 8.0° accompanied by the appearance 
and gradual increase in intensity of a new diffraction maximum at 7.4° that corresponds to the 
original compound 1–CuV. After 21 days, the pattern fully corresponded to that expected for 
the latter compound and traces of 2–CuV could not be detected any longer (Figure 2.16).  
 
Figure 2.17. Monitoring of the reversibility of the gradual transformation of 3–CuV into 1–CuV by TGA and PXRD. 
The sequential TGA profiles are in good agreement with the observations above, as they 
show a gradual increase of the first stage originating from the loss of the water content. While 
the TGA curve corresponding to the freshly prepared 2–CuV (t = 0) showed a first mass loss of 
10.10%, this value was 12.34% for that recorded after 7 days of exposure to air (t = 7 days). 
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After two weeks, the amount of water increased to a 13.72% (t = 14 days), and after another 
week, we were able to record a TGA curve virtually identical to that of pure 1–CuV with a 
water content of 15.86% (t = 21 days). All these results confirm that the SCSC transformation 
of compound 1–CuV into the phase 2–CuV is fully reversible, in such a way that this partially 
dehydrated derivative slowly converts back into the original hydrated compound in open air 
conditions (Figure 2.16). 
Analogous experiments were performed on 3–CuV but no indication of reversibility was 
found in this case because the PXRD patterns and the TGA curves remained virtually unaltered 
for at least 37 days. To verify whether the transformation of 1–CuV into 3–CuV was indeed 
permanent, a sample of the latter phase was soaked in water. The PXRD pattern taken after 
only 1 day did not show any diffraction maxima corresponding to 3–CuV, but the main signals 
could only be assigned to a mixture of both 1–CuV and 2–CuV, the latter being the major 
component according to the relative intensities of the maxima. After five days, compound 1–
CuV becomes the major phase in the mixture, and after seven days (t = 7 days), no traces of 
compound 2–CuV could be detected through PXRD experiments (Figure 2.17). TGA analyses 
were also carried out on the polycrystalline sample t = 7 days and the results unequivocally 
confirmed that 3–CuV reverts to the parent 1–CuV upon being immersed in excess of water for 
a week. The TGA curve of compound 3–CuV shows a mass loss associated with dehydration of 
5.10% (1.3 H2O per 2 V atoms), whereas the sample t = 7 days (dried in air) displayed a TGA 
profile nearly identical to that of compound 1–CuV with a weight loss of 15.68% that 
corresponds to 5 water molecules per two V atoms (Figure 2.17). In the case of 4–CuV, this 
anhydrous phase rapidly rehydrates to 3–CuV in some hours, as evidenced by the TGA results 
which are in perfect agreement with those expected for the latter intermediate derivative. 
 
Figure 2.18. Scheme of the reversibility of the SCSC transformations between 1–4–CuV with digital photographs of 
the crystals for each of the four compounds. 
All in all, the results of these PXRD and TGA combined experiments demonstrate the 
reversible nature under the appropriate conditions of the three sequential SCSC 
transformations that the flexible open–framework of 1–CuV undergoes upon thermal 
dehydration (Figure 2.18). 
| Chapter 2 
 
70 
2.3.3 Robust Decavanadate/Metalorganic Open–Frameworks 
Vibrational characterization and thermostructural behavior of 1–CuV10  
The preliminary characterization of compound 1–CuV10 was carried out by means of 
FT–IR technique. As seen in Figure 2.19, the overall spectrum of the hybrid compound is very 
similar to that shown by the decavanadate salt and differs significantly from the metavanadate 
precursor.  
 
Figure 2.19. FT–IR spectra of 1–CuV10 along with those belonging to the decavanadate and metavanadate 
precursors with details of the inorganic region. 
In this sense, the intense band corresponding to the νas(V–Ot) vibration that appears at 
960 cm–1 remains virtually unaltered compared to the decavanadate precursor, whereas the 
signal located at 983 cm–1 and associated with the antisymmetric stretching vibration of 
protonated V–Ob bonds can no longer be found in the spectrum of 1–CuV10. This fact confirms 
that no basic oxygen atoms are protonated. The peak of medium intensity observed at 883 cm–
1 could not be assigned to other than the δ(R–NH–R) vibration originated from the cyclam 
ligands. The signals at 835 and 748 cm–1 are attributable to the νas(V–Ob–V) mode, whereas 
those spanning from 594 to 532 cm–1 correspond to the νas(V–Ob–V) vibration. The poorly 
defined peaks corresponding to the νs(V–Ob–V) vibration mode appear in the range 459 and 
410 cm–1. Regarding the metal–organic region of the FT–IR spectra, the peaks associated with 
the stretching of the –N–H and –C–H bonds are respectively observed at 3200–3150 and 2900–
2860 cm–1, whereas several weak to medium signals corresponding to the δ(C–H) and ν(N–C) 
vibration modes are also present in the 1490–1230 and 1100–1000 cm–1 ranges. These signals 
confirmed the presence of the cyclam ligands in our compounds. 
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The thermal stability of 1–CuV10 was investigated by TGA experiments, which show that 
the title compound decomposes through three mass loss stages (Figure 2.20). The first stage is 
observed from room temperature to ca. 100 °C and originates from the release of all water 
molecules of hydration. The experimental mass loss corresponds to 10 water molecules per 
decavanadate anion (calcd. 9.33%, found 8.94%). Completion of this stage leads to the 
anhydrous phase 1a–CuV10, which shows a significant range of thermal stability extending up 
to ca. 150–170 °C. Above this temperature, the anhydrous phase undergoes further 
decomposition via two overlapping mass loss stages associated with the combustion of the 
organic ligands and the breakdown of the POM framework. The overall mass loss for these two 
stages is in good agreement with three cyclam ligands per decavanadate anion (calcd. for 
3C10H24N4 31.10%; found 32.11%). The final residue is obtained at temperatures above ca. 550 
°C (calcd. for Cu3O28V10 59.50%, found 58.95%). 
 
Figure 2.20. TGA curve and TPXRD studies for 1–CuV10 hybrid, along with the comparison of the experimental PXRD 
pattern and that simulated from the single–crystal XRD data.  
Variable–temperature powder X–ray diffraction measurements (TPXRD) between 30 and 
490 °C show that compound 1–CuV10 is able to maintain its crystallinity upon dehydration up 
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to temperatures in the 150 to 170 °C range (Figure 2.20). No substantial modifications in 
neither the positions nor the intensities of the diffraction maxima are observed upon heating, 
although subtle variations can be noticed when going from 90 °C to 110 °C upon close 
inspection of the group of maxima in the 2θ range 25–27°. This temperature range 
corresponds to the removal of all water molecules of hydration according to the TGA curve, 
and hence to the formation of the anhydrous 1a–CuV10 phase, which must display virtually 
identical crystal packing based on the observations above. The crystalline 1a–CuV10 phase 
becomes amorphous at temperatures above 150 °C which nearly corresponds to the beginning 
of the ligand combustion stage in the TGA curve. Signs of new high–temperature phases start 
appearing at ca. 310 °C. At temperatures above 490 °C, these phases forming the final residue 
of the thermal decomposition are defined enough for being identified as a mixture of 
orthorhombic Pmn21 V2O5 (PDF: 01–076–1803),69 monoclinic C2/c Cu2V2O7 (PDF: 01–073–
1032),70 and the orthorhombic Pmn21 phase of CuV2O6 (PDF: 00–016–0127)71 in an 
approximate ratio 3:1:1 (Figure A2.7 in the Appendix). 
Crystal structures of 1–CuV10 and 1a–CuV10 
Compound 1–CuV10 crystallizes in the triclinic P–1 space group and its asymmetric units 
contains one half centrosymmetric decavanadate (V10O28)6– anion and three 
crystallographically independent, centrosymmetric {Cu(cyclam)} moieties (Figure 2.21). Five 
water molecules of hydration disordered over ten positions complete the asymmetric unit. The 
structure of the decavanadate anion is well established and consists in an arrangement of 10 
edge–shared {VO6} octahedra with ideal D2h symmetry. This arrangement can be described as a 
central {V6O12} core built of six VO6 octahedra arranged in a 2 × 3 rectangular array and capped 
with two additional {VO6} units on both sides (Figure 2.21). The V–O bond lengths (1.608–




Figure 2.21. Polyhedral representation of the decavanadate cluster and ORTEP view of 1–CuV10 hybrid depicted at 
50% probability level with partial atom labelling. Water molecules are ommited for clarity. Symmetry codes: i) 1–x, 
1–y, –z; ii) 2–x, 1–y, 1–z; iii) 2–x, –y, –z; iv) 2–x, 1–y, –z. 
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There are two types of {Cu(cyclam)} units: the complexes Cu1B and Cu1C both play the 
role of linking moieties, whereas Cu1A is a charge balancing subunit. The coordination spheres 
of the Cu1B and Cu1C centers show distorted octahedral CuN4O2 geometries, as indicated by 
CShM calculations,72 with the four N atoms of the cyclam ligand forming the equatorial plane 
and the axial positions occupied by terminal O atoms from (V10O28)6– clusters. In contrast, the 
Cu1A moiety consist on a square–planar complex (Figure 2.21 and Table 2.6). Both Cu1B and 
Cu1C display the so–called trans–III which is in good agreement with the results reported 
previously.73 In regard to square planar complexes, these studies have also demonstrated that 
the trans–I configuration gains stability over the trans–III when the coordination number of 
the metal center is reduced. In our case, however, the configuration of the Cu1A moiety 
remains the same as that of Cu1B and Cu1C in spite of showing a square–planar geometry. 
Table 2.6. Cu–O and Cu–N bond lengths (Å) as well as the polyhedral distorsion (CShM) of the {Cu(cyclam)} 
complexes in 1–CuV10 and 1a–CuV10. 
1–CuV10 1a–CuV10 
Cu1A–N1A 1.995(5) Cu1A–N1A 1.999(4) 
Cu1A–N1Ai 1.995(5) Cu1A–N1Ai 1.999(4) 
Cu1A–N4A 1.992(7) Cu1A–N4A 1.997(4) 
Cu1A–N4Ai 1.992(7) Cu1A–N4Ai 1.997(4) 
SP–4 0.130 SP–4 0.135 
Cu1B–N1B 2.001(5) Cu1B–N1B 2.003(4) 
Cu1B–N1Bii 2.001(5) Cu1B–N1Bii 2.003(4) 
Cu1B–N4B 2.021(5) Cu1B–N4B 2.002(4) 
Cu1B–N4Bii 2.021(5) Cu1B–N4Bii 2.002(4) 
Cu1B–O5 2.526(3) Cu1B–O5 2.533(3) 
Cu1B–O5ii 2.525(3) Cu1B–O5ii 2.533(3) 
OC–6 1.452 OC–6 1.518 
Cu1C–N1C 2.020(5) Cu1C–N1C 2.003(4) 
Cu1C–N1Ciii 2.020(5) Cu1C–N1Ciii 2.003(4) 
Cu1C–N4C 1.997(5) Cu1C–N4C 2.005(4) 
Cu1C–N4Ciii 1.997(5) Cu1C–N4Ciii 2.005(4) 
Cu1C–O1 2.604(3) Cu1C–O1 2.571(3) 
Cu1C–O1iii 2.604(3) Cu1C–O1iii 2.571(3) 
OC–6 1.918 OC–6 1.689 
Symmetry codes: i) 1–x, 1–y, –z; ii) 2–x, 1–y, 1–z; iii) 2–x, –y, –z. CShM: reference polyhedra SP–4 (square), OC–6 
(octahedron). 
The crystal packing of 1–CuV10 consists in a supramolecular assembly of covalent hybrid 
layers in which the decavanadate anions are linked by the Cu1B and Cu1C bridging moieties 
along the [001] and [010] directions, respectively (Figure 2.22). Thus, each decavanadate anion 
results connected to four neighboring clusters through four complexes whose grafting sites are 
VO6 octahedra belonging to either the central {V6} rectangular core (Cu1B) or to the dimeric 
caps (Cu1C). This I2O0–type arrangement leads to the formation of hybrid grids with water–
accessible square–like voids in the yz plane. A closely related bidimensional lattice with similar 
connectivity between building blocks has been reported for the (Hpz)2[{Cu(pz)4}2(V10O28)]·2H2O 
(pz = pyrazole),54a although with the voids filled with Hpz cations in contrast to 1–CuV10. In our 
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case, the stacking of hybrid grids along the [100] direction is such that the square–like voids 
result superimposed on each other and this type of supramolecular assembly generates 
channels parallel to the crystallographic x axis in which all of the water molecules are hosted. 
Thus, the walls of these channels are delimited by rings of four (V10O28)6– anions and four 
{Cu(cyclam)}2+ complexes in alternate fashion with approximate cross–section of 10.4 × 8.8 Å2 
(distances N4C···N4C and N1B···N1B, Figure 4b). The total solvent accessible volume is 428 Å3 
per unit cell, which corresponds to approximately 25% of the unit cell volume as calculated 
using PLATON. The surface representation of the channel volume and that of the porous 
hybrid framework is given in Figure 2.22. 
 
Figure 2.22. Crystal packing of 1–CuV10 viewed along the crystallographic x axis (top left) and hybrid layers with 
details of the hosted water molecules and the estimated dimensions of the channels in the yz plane (top right). 
Different complexes found in 1–CuV10 (bottom left) and surface representations of the channels running along the 
crystallographic x axis and that of the porous metalorganic network (bottom right). H atoms are omitted for clarity. 
Color code: {VO6} (orange octahedra), Cu (blue polyhedra), N (green), O (red). 
The square–planar Cu1A complex cation occupies interlamellar spaces and is 
sandwiched in between ditriangular faces of two (V10O28)6– clusters belonging to different 
layers (Figure 2.22). Indeed, the Cu1A atom is located at a distance of 3.0730(2) Å from the 
plane formed by the bridging O atoms of these faces (O12, O15, O24 and O34). Despite the 
absence of any coordination bond connecting the layers, an extensive network of C–H···O and 
N–H···O interactions is established between the cyclam ligand of the Cu1A complex and the 
surfaces of the sandwiching clusters. It should be noted that these interactions are more 
numerous and more favorable than those established by Cu1B and Cu1C complexes within 
layers (Table 2.7). As a result, the Cu1A cation acts as an effective cementing agent to reinforce 
the stacking of the covalent layered lattices into a supramolecular open–framework material. 
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In comparison, the water molecules of hydration do not appear to have any relevant structural 
role because they are weakly bound and do not interact with neither the cyclam ligands nor 
the terminal oxygen atoms of the clusters. In fact, only O7W and O9W appear to slightly 
contribute to the massive H–bond network amongst hybrid layers and Cu1A cementing 
complexes (Figure 2.23). It is worth mentioning that another decavanadate–containing hybrid 
compound sharing similar metalorganic building blocks can be found in the literature: 
[(CuL)0.5(H2L)1.5][H2V10O28]·6H2O.27 In this case, the macrocyclic polyamine ligand (L) is the 
hexamethyl derivative of cyclam and the inorganic cluster is diprotonated (L = 5,5,7,12,12,14–
hexamethyl–1,4,8,11–tetraazacyclotetradecane). The structure contains hybrid chains of 
alternating clusters and complexes, which arrange in supramolecular sheets via hydrogen 
bonding as opposed to the covalent bi–dimensional lattice of compound 1–CuV10. 
Table 2.7. Comparison of the intermolecular N–H···O and C–H···O Interactions in 1‒CuV10 and 1a‒CuV10. 
 1‒CuV10 1a‒CuV10 
Donor–H···Acceptor H···A (Å) D···A (Å) D–H···A (°) H···A (Å) D···A (Å) D–H···A (°) 
N1A–H1A···O12i 2.36 3.177(6) 140 2.40 3.184(4) 137 
N1A–H1A···O16ii 2.24 3.111(6) 148 2.16 3.043(4) 149 
N1A–H1A···O34ii — — — 2.57 3.259(4) 128 
N4A–H4A···O12iii 2.50 3.266(6) 135 2.44 3.228(4) 137 
N4A–H4A···O15iii 2.11 3.015(6) 153 2.14 3.040(4) 151 
N4A–H4A···O24 2.56 3.233(7) 126 — — — 
C2A–H2AA···O5 2.46 3.299(7) 144 2.46 3.298(7) 144 
C2A–H2AA···O24 2.51 3.227(7) 131 2.51 3.227(7) 131 
C3A–H3AA···O3ii 2.39 3.289(8) 153 2.51 3.306(6) 140 
C3A–H3AA···O34ii 2.55 3.280(7) 132 2.44 3.190(5) 134 
C3A–H3BA···O7Wiii 2.57 3.441(15) 149 — — — 
C6A–H6AB···O12iii 2.58 3.367(8) 138 2.56 3.339(5) 138 
C6A–H6AB···O12iii 2.58 3.367(8) 138 2.56 3.339(5) 138 
C6A–H6AA···O2iii — — — 2.51 3.295(6) 138 
C6A–H6AB···O1iii 2.52 3.342(8) 142 2.52 3.342(7) 142 
N1B–H1B···O35iv 2.15 3.032(5) 149 1.85 2.812(5) 166 
N4B–H4B···O25v 1.91 2.846(5) 159 1.87 2.827(5) 165 
N1B–H1B···O9Wiv 2.58 3.308(13) 131 — — — 
C2B–H2BB···O9Wiv 2.60 3.209(13) 121 — — — 
C5B–H5BA···O5 2.58 3.185(6) 121 2.57 3.171(6) 120 
C6B–H6BB···O35iv 2.55 3.360(7) 141 — — — 
C6B–H6BA···O16iii 2.45 3.399(6) 167 2.45 3.399(6) 167 
N1C–H1C···O13 2.11 2.949(6) 142 1.93 2.813(5) 148 
N4C–H4C···O2 2.09 2.976(6) 149 2.18 3.040(5) 146 
C3C–H3CA···O13 2.33 3.107(7) 136 2.50 3.211(7) 130 
C3C–H3CA···O2 — — — 2.59 3.288(5) 129 
Symmetry codes: i) –1+x, y, z; ii) 1–x, 1–y, –z; iii) 2–x, 1–y, –z; iv) x, y, 1+z; v) 2–x, 1–y, 1–z; vi) 2–x, –y, –z.  




Figure 2.23. Comparison between the supramolecular assembly for 1–CuV10 and 1a–CuV10 showing the massive 
H–bonding network (green: –N–H···O; red: –C–H···O). The interactions between the sandwiched Cu1A and the 
clusters are highlighted (left). The distance between the cementing agent and the nearest plane formed by 
decavanadate oxygen atoms (O12, O15, O24 and O34) is also shown (right). 
As mentioned before, guest solvent molecules located in cavities or channels can often 
be removed from a given host material without causing the crystalline collapse of the porous 
framework. This should be the case for 1–CuV10 according to the variable–temperature PXRD 
results. To determine whether the supramolecular three–dimensional assembly of 1–CuV10 is 
robust enough to effectively maintain its open framework nature upon dehydration and to 
identify any structural change triggered by the release of the guest solvent, we attempted to 
perform single–crystal XRD experiments on crystals of 1–CuV10 heated to 130 °C to evacuate 
all water of hydration in the channels. Fortunately, the crystals maintained their integrity upon 
thermal treatment, and hence, full data collection on the 1a–CuV10 anhydrous form could be 
carried out. As expected from the TPXRD analyses, the structure of the anhydrous phase 
proved to be virtually identical to that of the hydrated 1–CuV10. The cell parameters including 
the unit cell volume and the relative arrangement of building blocks in the asymmetric unit, as 
well as the bond lengths within and among the blocks, remained almost invariable as shown in 
Tables 2.1 and 2.6. Moreover, the dimensions of the channels did neither undergo significant 
variations when 1–CuV10 was dehydrated into 1a–CuV10 (Figure 2.24), but for a subtle 
decrease of ca. 30 Å3 in the total solvent accessible void according to PLATON calculations (397 
Å3, 24% of the unit cell).  




Figure 2.24. Comparison of the porous framework and channels in 1–CuV10 (left) and 1a–CuV10 (right). 
This absence of significant modifications in the metal atom positions of the constituent 
building blocks upon evacuation of guest solvent molecules confirms the robustness of the 
open hybrid framework, as well as the fact that the water molecules (including O7W and O9W) 
do not fulfill any key structural role. This fact is consistent with the few intermolecular 
interactions observed between lattice water molecules and the decavanadate clusters or the 
cyclam ligands for the hydrated compound 1–CuV10. Nevertheless, some subtle changes in the 
extensive hydrogen–bonding network can be observed when transforming 1–CuV10 into 1a–
CuV10. The thermally triggered dehydration produces a rotation of the metal–organic 
complexes around their axial axes that slightly modifies some of the intermolecular C–H···O 
and N–H···O interactions between the cyclam ligands and the cluster surfaces (Figure 2.23 and 
Table 2.7). This relative rotation is notably more accused for the Cu1B moiety (approximately 
20°) than for the Cu1A and Cu1C complexes (less than 10°), but the overall number of 
favorable interactions is maintained nearly constant. Moreover, the interlamellar distance 
correlated with that of the Cu1A center to the plane formed by the O12, O15, O24 and O34 
atoms remains virtually identical (Figure 2.23). These observations show that our hybrid open–
framework does not undergo any contraction of the unit cell volume and consequent 
structural collapse upon dehydration, and hence prove its robustness and permanent 
microporous nature. 
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Gas sorption properties 
Since the channel dimensions found in the open–framework of 1–CuV10 are larger than 
those of N2 and CO2, we decided to explore whether 1–CuV10 could exhibit gas sorption 
properties. Our studies revealed that it does not exhibit the capability to adsorb N2 while CO2 
adsorption does take place. This fact can be explained taking into account the presence of 
narrow microporosity in 1–CuV10. Although the kinetic diameter of the CO2 and N2 molecules 
(3.30 Å vs. 3.64 Å) are similar, the higher adsorption temperature for CO2 confers the gas 
molecules a larger kinetic energy that favors their access into the narrow porosity, whereas N2 
molecules are kinetically restricted due to the low temperatures at which the adsorption of 
this gas is performed.67,68,75, 
 
Figure 2.25. Sorption properties of the activated 1–CuV10 compound, showing the type I isotherm for CO2 
adsorption at 273 K. 
Compound 1–CuV10 displays a type I isotherm for CO2 adsorption, which is indeed 
characteristic of a microporous material (Figure 2.25). In regard to the characterization of its 
porous texture, it is first worth noticing that while the total micropore volume obtained from 
the N2 adsorption corresponds to the whole range of microporosity (pore size up to 2 nm), the 
CO2 adsorption (VCO2) only provides specific information about narrow microporosity only 
(pore size < 0.8 nm). The volume of the micropores in 1–CuV10 is 0.11 cm3 g–1, while the BET 
(Brunauer–Emmett–Teller) surface area is 205 m2 g–1, as calculated from the CO2 sorption 
isotherm at 273 K. These experimental data confirm that the micropores with approximate 
cross–sections of 10.4 × 8.8 Å2 observed from single–crystal XRD studies (Figure 2.22) are 
accessible and fully operative, which endows the hybrid open–framework of 1–CuV10 with 
functionality in CO2 capturing.  
Reports on BET data for POM–based crystalline open–framework materials are scarce.76 
A limited number of microporous hybrid compounds with CO2 adsorption capability can be 
found in the literature. Mizuno’s K2[Cr3O(OOCH)6(4–ethylpyridine)3]2[α–SiW12O40] is a 
representative example as it shows a high CO2/C2H2 sorption selectivity.77 The closely related 
[Cr3O(OOCCH=CH2)6(H2O)3]3[α–PW12O40] ionic crystal displays shape–selective adsorption of 
CO2 and C2H2 over the larger N2 and methane molecules, due to the kinetic diameters of the 
former being comparable to the minimum pore aperture.78 Compared to our compound, both 
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examples show lower BET surface areas (75 and 50 m2 g–1, respectively) and this can be 
explained attending to their smaller channel apertures (3.5 Å and 3.3 Å, respectively). Some 
fully inorganic POM–based microporous materials have also displayed CO2 sorption properties. 
For example, Ueda et al reported two inorganic microporous materials based on ε–Keggin–
type clusters,79 but both the BET surface areas and micropore volumes are approximately three 
to four times lower than those estimated for our compound. Wang et al. recently prepared the 
(TBA)2[CuII(BBTZ)2(α–Mo8O26)] POMOF (BBTZ = 1,4–bis(1,2,4–triazol–1–ylmethyl)–benzene), 
which exhibits the highest adsorption capacity reported for a POM–based hybrid.80 The CO2 
uptake capacity at saturation of 165 cm3 g–1 at 195 K and 87.7 cm3 g–1 at 273 K is comparable 
to the best performing zeolite–like MOFs.81 These results together with a remarkable BET 
surface area of 773 m2 g–1 derived from the presence of a three–directional system of 
intersecting channels, as opposed to the system of parallel channels found in 1–CuV10. In fact, 
the total solvent accessible volume is approximately 50% of the unit cell volume which is 
roughly twice the empty volume observed for our compound 1–CuV10 upon thermal 
activation. To our knowledge, compound 1–CuV10 is the first decavanadate–based crystalline 
material that exhibits CO2 sorption capability as a straightforward consequence of i) the robust 
nature of its supramolecular open–framework structure and ii) the appropriate dimensions 
and accessibility of the channels. 
Catalytic activity tests 
The POM–catalyzed oxidation of hydrocarbons has been thoroughly studied over the 
past decades owing to its importance from industrial and synthetic viewpoints.82 In this 
context, much attention has been paid to the oxidation of the tricyclic saturated hydrocarbon 
adamantane because this particular reaction is used as a probe to measure the C–H bond 
activation ability of a given catalyst. Thus, several compounds have been tested in both 
homogeneous and heterogeneous phase with different oxidizing agents (e.g. PhI, NaOCl, H2O2, 
O2, alkyl hydroperoxides, percarboxylic acids), affording a great variety of results in terms of 
conversion and selectivity.83 
The catalytic activity of 1–CuV10 toward the oxidation of adamantane has been 
explored in heterogeneous phase using hot acetonitrile as solvent and an environmentally 
friendly oxidant such as H2O2. Some other archetypal POM catalysts (H3[PMo12O40] and 
H4[PVMo11O40]), as well as V2O5, have also been tested in the same experimental conditions for 
comparative purposes (Table 2.8). As expected, the reaction does not take place in the 
absence of any catalyst under the selected experimental conditions due to the high stability of 
the tricyclic alkane. It is also remarkable that the H3[PMo12O40] heteropolyacid, which is a well–
established oxidation catalyst for a range of organic substrates,82 is in fact inactive in our 
conditions. The replacement of molybdenum centers with vanadium atoms in the framework 
of Keggin–type anions has proven to be beneficial for redox catalysis as it enhances the redox 
character of the cluster.84 The higher catalytic activity observed for the mono–substituted 
H4[PVMo11O40] species in this reaction (90% conversion after 6 h) is in good agreement with 
the comment above. In comparison, the catalytic activity of V2O5 is lower than that of the 
vanadium–containing Keggin type heteropolyacid (50% conversion after 6 h) despite the higher 
content of V atoms. These results are consistent with those reported by other authors, which 
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suggests that vanadium constitutes the catalytic center for this reaction while the Keggin–type 
framework serves as scaffold to enhance its activity.85 
Compound 1–CuV10 displays the highest activity among all catalysts tested in this study, 
reaching a conversion of 99% after just 6 h of reaction (Table 2.8). The good stability of our 
hybrid during the catalytic oxidation was confirmed by the absence of any modifications in 
both FT–IR spectrum and PXRD patterns compared to those of a freshly prepared sample of 1–
CuV10 (Figure 2.26). The distribution of the reaction products shows low–to–moderate 
selectivity toward 1–Adamantanol (1–AdOH) over other products from oxidation at secondary 
C–H bonds (2–AdOH, 2–Adamantanone). Selectivity toward 1–AdOH reaches a maximum of 
45% after 3 h of reaction and decreases to 36% after 6 h due to the formation of other 
overoxidized side–products (Table 2.8 and Figure 2.26). To our knowledge, no reports on the 
catalytic activity of decavanadate–containing compounds toward the H2O2–based oxidation of 
cycloalkanes can be found in the literature. 
Table 2.8. Conversion of adamantane and selectivity after 6 h of reaction in different cycles. 
Catalyst Time (h) Conv. (% mol) 
Selectivity (%)a 
P1b P2 P3 P 
None 24 0 — — — — 
H3[PMo12O40] 6 0 — — — — 
H4[PVMo11O40] 6 90 45 30 11 13 
1–CuV10 
3 38 45 26 28 1 
6 99 36 20 31 13 
V2O5 6 50 22 23 8 47 
abased on the initial moles of adamantane; bP1: 1–Adamantanol (1–AdOH), P2: 2–Adamantanone (2–AdO), P3: 2–
Adamantanol (2–AdOH), P: Other products (1,3–Adamantanediol, 5–hydroxy–2–adamantanone, 1,3,5–
Adamantanetriol). Experimental conditions: 75 °C, 4∙10–5 moles of catalyst; 25 mg adamantane; 3 cm3 of hydrogen 
peroxide (30%); 10 cm3 of solvent (acetonitrile). 
The fact that compound 1–CuV10 affords the highest conversion in the shorter reaction 
time among all selected catalysts is worth remarking because vanadium substituted Keggin–
type species like the H4[PVMo11O40] comparative model have been identified as catalysts with 
the highest activity among POMs and certainly higher than those of transition–metal 
complexes such as VO(acac)2 (acac = acethylacetonate).82 As an illustrative comparison of the 
higher activity of 1–CuV10, 12 h of reaction were needed to reach conversions in the 49–65% 
range when vanadium–substituted phosphomolybdate acids heterogeneized in SBA15 
mesoporous silica were used with butyronitrile as solvent.85a When turning to homogeneous 
phase, several other POMs have been found to catalyze the oxidation of adamantane with 
H2O2 in acetonitrile, such as the divanadium–substituted phosphotungstate [γ–PW10O38V2(μ–
OH)(μ–O)]4–, hybrid species consisting of a metallosalen moiety covalently linked to a Keggin–
type silicotungstate [SiW11O39]8−, or the [γ–SiW10{Fe(OH2)}2O38]6− cluster.86 These species yield 
conversions from 42 up to 98%, but the selectivity is much improved to values in the 74–94% 
range toward 1–AdOH except for the iron–containing catalyst, which affords a selectivity of 
71% toward the 2–AdOH derivative.86d 




Figure 2.26. Scheme of the catalytic oxidation as well as the confirmation of the good stability during the catalytic 
oxidation of our hybrid by FT–IR and PXRD measurements on a 1–CuV10 sample under the same conditions of the 
catalytic tests compared to those obtained for a freshly prepared sample. 
The high catalytic activity displayed by 1–CuV10 could originate from its larger atomic 
proportion of vanadium per mole of catalyst. However, the tested V2O5 does show a 
significantly lower conversion, and hence other effects must also be influencing the catalytic 
performance of 1–CuV10. The {Cu(cyclam)} metalorganic moieties coordinated to the {V10O28} 
clusters could very well be responsible for enhancing the catalytic activity of the V centers, in 
close analogy with the role of the Keggin scaffold in the vanadium–substituted 
phosphomolybdates. Moreover, the permanent porosity of the hybrid supramolecular open–
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framework, as well as the dimensions of the channels in 1–CuV10, may also have a key 
enhancing effect. 
2.4 CONCLUSIONS 
In this chapter, two porous extended polyoxovanadate–based hybrid open–frameworks 
with Cu(II) complexes of macrocyclic polyamines that show very different thermostructural 
behavior were prepared and fully characterized: a dynamic open–framework constructed by 
metavanadate flexible chains and a robust one constituted by decavanadate clusters. The 
former represents the first reported metavanadate hybrid that undergoes thermally activated 
single–crystal–to–single–crystal (SCSC) transformations upon evacuation of solvent molecules 
while the latter constitutes the first decavanadate–based covalent microporous framework 
with genuine sorption properties. 
The flexible three–dimensional covalent metavanadate hybrid [{Cu(cyclam)}(VO3)2]·5H2O 
(1–CuV) undergoes a series of sequential and reversible SCSC structural transformations upon 
gradual dehydration that can be followed by single–crystal X–ray diffraction and take place at 
40, 60 and 120 °C. These transformations result in the formation of three new porous 
crystalline phases with channels of different sizes, which are [{Cu(cyclam)}(VO3)2]·3H2O (2–
CuV), [{Cu(cyclam)}(VO3)2]·1.3H2O (3–CuV) and [{Cu(cyclam)}(VO3)2] (4–CuV). While the hybrid 
open frameworks of 1–CuV and the partially dehydrated 2–CuV are structurally highly 
reminiscent, the transformation of 2–CuV into 3–CuV involves the migration of CuII centers, 
which drastically decreases the size of the channel. In contrast, the total dehydration did not 
produce significant structural modifications in the metavanadate chains but for a slight 
reorientation of the vanadate tetrahedra, which was accompanied by a substantial increase of 
the solvent accessible volume in the channels. In terms of stability, 1–CuV and 3–CuV are 
stable in ambient conditions, whereas 2–CuV constitutes a metastable state that slowly 
transforms back into 1–CuV upon exposure to air. The anhydrous phase rapidly adsorbs 
ambient moisture and reverts to 3–CuV after some hours, whereas the latter can only be 
converted back into the original fully hydrated compound when immersed in water. 
Compared to the flexible hybrid metavanadate–based network, the first supramolecular 
POMOF–like microporous hybrid open–framework based on decavanadate clusters, namely 
[Cu(cyclam)][{Cu(cyclam)}2(V10O28)]·10H2O (1–CuV10), displays a robust open–framework. This 
supramolecular architecture contains covalent decavanadate/{Cu(cyclam)} grids with square–
like voids the stacking of which is driven by a massive network of intermolecular N–H···O and 
C–H···O interactions established with interlamellar cementing complexes. This way, the 
structure is able to remain virtually unaltered upon thermal evacuation of guest solvent 
molecules located in the system of parallel channels generated by the stacking of the hybrid 
layers, as evidenced by a single crystal X–ray diffraction studies on the anhydrous 1a–CuV10 
derivative. The permanent microporous nature of 1–CuV10 results in functional properties 
such as selective adsorption of CO2 gas over N2 and remarkable catalytic activity toward the 
oxidation of the highly–stable organic substrate adamantane in heterogeneous phase. To our 
knowledge, this is the first decavanadate–based compound, as well as one of the few POM–
containing covalent hybrid materials, that shows both CO2 sorption capability and catalytic 
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activity in the oxidation of cycloalkanes owing to its microporous nature, accessibility of 
channels and robustness of the framework.  
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In this chapter, two extended dynamic systems based on 
polyoxotungstate clusters were prepared and fully characterized. 
The first one consist on isopolyoxotungstates, specifically the 
heptatungstate [W7O24]6– cluster, which upon combination with 
{Cu(cyclam)} affords a functional 3D covalent porous hybrid 
framework, namely [{Cu(cyclam)}3(W7O24)]·15.5 H2O (1–CuW7). 
Interestingly, this extended structure undergoes two SCSC 
transformation upon thermal evacuation of solvent molecules 
resulting in important structural modifications in the resulting 
partially hydrated intermediate (2–CuW7) and anhydrous phases 
(3–CuW7). The permanent porosity of the latter was confirmed by 
gas sorption measurements, which revealed that the anhydrous 
phase is capable of adsorbing moderate amounts of both N2 and 
CO2 gases. In the second part, the entire family of {Cu(cyclam)} 
coordinated lanthanide–substituted acetate–bridged 
germanotungstate family was prepared and characterized, the 
formula of which is [Cu(cyclam)]2[{Cu(cyclam)}4{(α–
GeW11O39)Ln(H2O)(μ–CH3COO)}2]·17–19H2O (1–Ln, Ln = La to Lu). 
These covalent 2D dimeric hybrid systems undergo two SCSC 
transformations upon heating leading to new 1D crystalline phases 
(2–Ln, Ln = Eu, Er and 3–Ln, Ln = Ce, Eu) which exhibit drastic 
structural modifications in their architectures. Single–crystal XRD, 
together with simultaneous PXRD and TGA analyses revealed that 
rehydration kinetics depends strongly on the Ln analogue for the 2–
Ln to 1–Ln phase transition while the second transformation is 
totally reversible upon exposure to ambient moisture. 
3.1. Introduction 
3.2. Isopolyoxotungstates  
3.2.1. Experimental Section 
3.2.2. Results and Discussion 
3.3. Heteropolyoxotungstates  
3.3.1. Experimental Section 
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THERMALLY TRIGGERED SCSC TRANSFORMATIONS UPON 
GRADUAL DEHYDRATION IN ISO– AND LANTHANIDE 
SUBSTITUTED HETERO–POLYOXOTUNGSTATES 
3.1 INTRODUCTION 
3.1.1 Polyoxotungstates: A Brief Introduction 
Hystorically, polyoxotungstates (POWs) have been the most studied family among POMs 
(Figure 3.1), owing to their well–defined pH–dependent thermodynamic and kinetic stability 
ranges as well as their higher resistance to reduction compared to their polyoxomolybdate 
counterparts.1 They are considered one of the most attractive POM subfamilies due to the 
availability of a huge number of stable and easy–to–prepare lacunary species susceptible of 
incorporating 3d or 4f metals and also undergoing further organic functionalization. As a 
result, POWs have found important applications in a wide variety of fields including but not 
limited to optics, biomedicine and materials science.2 
 
Figure 3.1. Structural diversity in typical isoPOWs of different nuclearity. 
In close analogy to the monovanadate anion, in the high alkaline region over pH > 8 only 
the tungstate [WO4]2– specie exists in aqueous solution. Upon acidification to nearly neutral pH 
values (pH = 5–6) however, the heptatungstate or paratungstate A [W7O24]6– polyanion is 
rapidly formed, which is then converted thermodynamically to the paratungstate B 
[W12O36(OH)10]10– ion establishing a slow equilibrium that is shifted toward the latter.3 The 
paratungstate B anion constitutes the predominant isoPOW specie in solution at high 
tungstate concentrations in this pH zone, as evidenced by spectroscopic and scattering 
investigations 4  whereas the heptatungstate is the main specie for diluted solutions. 5 
Decreasing the pH to values around 3–4 results in the formation of the so–called Ψ–
[W24O72(OH)12]12– and α–[H2W12O40]6– Keggin–metatungstate species whereas further 
acidification leads to the formation of the decatungstate [W10O32]4– specie, which is known as 
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tungstate–ϒ (Figure 3.2). At low tungstate concentrations, however, the formation of any 
isopolyoxotugstates is avoided as only the highly insoluble tungstic acid H2WO4 precipitates by 
direct protonation upon acidification.4  
 
Figure 3.2. General scheme showing the stability range of the predominant isoPOW species of different nuclearity in 
aqueous solution as a function of the pH. 
Even though an enormous amount of compounds based on POWs have been reported 
so far, most of them consist on heteroPOWs.6 In comparison, reports on isoPOWs, which only 
contain W and O atoms in their inorganic skeletons, are far less common. In this context, only 
a handful of examples involving these types of compounds can be found across the 
crystallographic databases. These include the following species which are mainly present as 
alkali metal or organic ammonium salts (class I hybrids): [W2O7]2–,7 [HW5O19]7–,8 [W6O19]2–,9 
[H3W6O22]5–,10 [W6O22]8–,11 [W7O24]6–,12 [W10O32]4–,13 [H4W11O38]6–,14 [H2W12O40]6–,15 [H2W12O42]10–
, 16  [H4W19O62]6–, 17  [H4W22O74]12–, 18  [W24O84]24–,7 [H10W34O116]18–,18 and [H12W36O120]12–, 19  the 
latter being the largest known isoPOW present in solution under non–reducing conditions 
(Figure 3.1). This evident far less attention paid to isopolyoxotungstates can be explained 
attending to the fact that some of them are present as metastable intermediates or low 
concentration fragments in solution, which cannot be stabilized and/or isolated easily. Thus, 
the preparation of hybrid assemblies containing isoPOWs have remained mostly unexplored 
during the last two decades in comparison with other types of POMs. This fact could very well 
represent a great opportunity to explore the possibility of using them as transferable building 
blocks for the preparation of new extended multifunctional materials upon combination with 
transition metal complexes of macrocyclic polyamines such as M(cyclam) moieties. 
Compared to isoPOWs, the Keggin–type heteroPOWs, with the general formula 
[XW12O40]3/4– (X = PV, AsV, SiIV, GeIV) have been extensively studied and their several lacunary 
derivatives can be prepared in high yields, such as the monolacunary [XW11O39]7/8–, dilacunary 
[XW10O38]11/12–, and trilacunary [XW9O34]9/10–20 species (X = PV, AsV, SiIV, GeIV).These vacant 
clusters, as well as the Dawson–Wells lacunary analogues, possess higher negative charge and 
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stronger coordination ability by exposing active coordination sites to metal centers and hence, 
can act as multidentate inorganic ligands toward transition metal (3d) and lanthanide (4f) 
cations which had led to a rich and diverse class of 3d21– or 4f–22substituted heteroPOW 
families, disregarding the less reported heterometallic 3d–4f POWs which contain both 
transition metals and lanthanide centers in their cluster frameworks. The main reason for the 
lower number of reports concerning this heterometallic complexes is due to the inevitable 
coordination competition that arise between the highly reactive oxophilic 4f cations compared 
to that of the relatively less active 3d–metal centers.23 Besides 3d–4f POWs, another kind of 
heterometallic hybrid systems has recently become a great focus in synthetic POM chemistry. 
In comparison, this type of hybrids are assembled from either 4f or 3d–substituted POMs 
connected by transition metal or lanthanide centers belonging to metalorganic complexes that 
act as bridging moieties between the substituted clusters (class II hybrids), respectively.24 As 
seen in Chapter 2, this approach constitutes a valid method for the preparation of novel high 
dimensional isoPOVs. We attempted to investigate the possibility of obtaining such type of 
hybrids using both iso– and heteroPOWs building blocks, since the resulting extended 
polyoxotungstate–based hybrids could afford interesting architectures and topologies as well 
as new or enhanced properties compared to those of the individual constituents.25  
3.1.2 Heptatungstate–based Hybrids 
The lower number of reports on isopolyoxotungstates is even more accused for 
compounds containing the heptatungstate [W7O24]6– cluster. Indeed, up to date only five 
crystal structures based on this fragment have been reported to our knowledge, four of them 
consisting in salts with counterions such as Na+, simple bulky organic ammonium cations and 
cobalt–ethylendiamine metalorganic complexes, namely Na6[W7O24]·21H2O, 
[(C5H10NH3)]6[W7O24], [(t–C4H9)NH3]6[W7O24]·2H2O, and [Co(en)3]2[H2W7O24]·8H2O, 
respectively.12 The remaining crystal containing {W7} fragments, namely 
Na[{Cu(en)2}2(HW7O24)]·5H2O, constitutes the first high–dimensional coordination polymer 
constructed by covalent layers of {Cu(en)}2+ cationic complexes and monoprotonated {W7} 
units where sodium cations act as bridges between the layers resulting in the first class II {W7}–
hybrid with a I3O0 architecture26 (Figure 3.3). This obvious lack of {W7}–based compounds is a 
direct consequence of the inherent difficulty to obtain pure solid or crystals of [W7O24]6– due to 
the simultaneous formation of paratungstate B [H2W12O42]10–.(Figure 3.2). In this sense, it has 
been proven that during the acidification of a solution of [WO4]2– at pH 6–8 both 
paratungstates A and B are formed at the same time, stablishing an equilibrium as 
demonstrated by 183W–NMR and Raman spectroscopies as well as electrospray ionization mass 
spectrometry.3,5 Furthermore, these spectroscopic techniques confirmed [W7O24]6– to be the 
predominant species in the equilibrating mixtures at pH below 7. Nevertheless, in these cases 
generally the salt of the paratungstate B crystallizes, which is less soluble and 
thermodynamically more stable than the former {W7} specie,5,16a unless specific synthetic 
measures such as the use of organic amines or transition metal–complex cations are taken,27 
as the latter are known to not only provide buffer media for the self–assembly processes but 
also promote the crystallization of the metastable POM species. Another synthetic approach 
extensively used over the last few decades is the use of hydrothermal methods, which may be 
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considered a new strategy for the design and synthesis of isoPOW–based hybrid compounds.28 
Generally, the hydrothermal environment can change the equilibrium phases of the POM 
reaction system from the thermodynamically stable compounds to the kinetically stable 
species. As a result, the structurally more complicated metastable phases and various 
intermediate species difficult or even impossible to isolate under bench conditions could be 
crystallized under hydrothermal conditions.29  
 
Figure 3.3 Molecular structure of an heptatungstate hybrid belonging to class I (left); crystal packing of the only 3D 
covalent framework constructed from heptatungstate clusters and transition metal complexes.  
The inherent complexity of the chemical equilibrium involving the paratungstate clusters 
together with the few reports on {W7} compounds prove that the isolation of crystals based on 
this cluster is still a notable challenge in current synthetic POM chemistry. Consequently, this 
fact greatly limits the potential applicability of the heptatungstate cluster30 which is known to 
have interesting photocatalytic properties. 31  As a representative example, Hu’s group 
demonstrated that an in situ prepared solution containing [W7O24]6–as the predominant specie 
could be used as a photocatalyst for water purification purposes, as it was able to efficiently 
photodegrade up to 22 different organochlorine compounds.31a Similarly, the layered double 
hydroxide pillared by {W7} ion, namely Mg12–Al6(OH)36(W7O24)·4H2O, was prepared by Guo et al 
via an anion–exchange reaction and was evaluated as a heterogeneous photocatalyst in water. 
By irradiating the heptatungstate–containing compound in the near UV area, they managed to 
totally degrade trace aqueous organochlorine pesticides such as hexachlorocyclohexane.31b 
Recently, Li’s group showed that the [Co(en)3]2[H2W7O24]·8H2O hybrid can also act as an 
effective photocatalyst for the aqueous degradation of rhodamine–B under UV irradiation in 
heterogeneous phase.12d  
3.1.3 Lanthanide–substituted Polyoxotungstates 
Combination of lacunary POMs with 4f–metals represents a powerful strategy to 
prepare novel complex structures that range from dimeric entities to giant macroassemblies, 
including those among the largest POMs known to date. In this sense, the characteristic 
features of 4f centers such as their large size, oxophilic nature and high coordination numbers 
makes them ideal linkers to connect POM fragments into a large variety of architectures. The 
chemistry of such 4f–substituted POMs is largely dominated by POWs, the vast majority of 
them being heteroPOWs, as it is the subfamily with the most number of available lacunary 
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species susceptible of incorporating 4f centers. The interactions between 4f–metal and 
lacunary POWs clusters have been extensively investigated over the past few decades because 
of the interesting structural and physicochemical properties (e.g. photoluminescence, 
magnetism or increased catalytic activity) that the resulting POWs might exhibit due to the 
incorporation of the 4f–centers to the polyanionic framework.32  
 
Figure 3.4. Molecular structures of representative Peacock–Weakley type POWs along with the three known 4f–
substituted isoPOWs: the [Ce2(H2O)Cl(H6W15O54)]7– anion; the [Ln2(H2O)10W22O72(OH)2]8– framework and the 
[Ln2(H2O)10W28O93(OH)2}]14– polyanion. 
Historically, the first family of lanthanide–containing POMs was reported by Peacock 
and Weakley in 1971, namely [Ln(W5O18)2]9– (LnIII = La–Sm, Ho, Yb) along with the 
[CeIV(W5O18)2]8– cluster.33 These decatungstate species consist on two monolacunary Lindqvist–
type pentatungstates sandwiching an eight–coordinated square–antiprismatic 4f–metal center 
(Figure 3.4). After the pioneering work of Peacock and Weakly, the subsequent “sandwich”–
type clusters formed by two monolacunary fragments trapping a 4f–metal reported later on 
have been named after them.34 Besides the 4f–decatungstate, only another three Peacock–
Weakley type POWs have been reported so far. Li et al. reported the [Ce2(H2O)Cl(H6W15O54)]7− 
cluster, in which a dimeric CeIII fragment is encapsulated by a cyclic {H6W15O54} structure 
composed of three {W3O14} units linked to each other by corner sharing with three {W2O10} 
moieties. This way, the coordination sphere of each Ce atom is completed by either one H2O 
molecule or Cl atom.35 Kortz’s group prepared the remaining two 4f–isoPOWs which are 
[Ln2(H2O)10W22O72(OH)2]8− dimer (Ln = La, Ce, Tb–Lu) 36  and the V–shaped 
[Ln2(H2O)10W28O93(OH)2}]14– trimer (Ln = La –Eu), 37  both based on the undecatungstate 
monolacunary cluster. 38  While the former structure is built from two corner sharing 
undecatungstate fragments stabilized by two 4f–metal atoms, the latter is formed by two 
undecatungstate units in addition to one hexatungstate fragment which are linked by two 
nonacoordinated lanthanide cations (figure 3.4). Regarding heteroPOWs, several Peacock–
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Weakly type POWs constructed from different Keggin as well as Wells–Dawson monolacunary 
isomers have been reported so far, including {Ln(α–XW11O39)2} (X = SiIV, PV, AsV),39 {Ln(2–
SiW11O39)2}40 or {Ln(α–P2W17O61)2} (α = α1 ,α2)41 families (Figure 3.4). Furthermore, the mixed 
iso/hetero Peacock–Weakley type {Ln(α–BW11O39) (W5O18)} mixed–assembly was also 
prepared by Yamase.42 Although lanthanide substituted monomeric species were identified in 
solution by Peacock and Weakley in their pioneering studies, self–assembled derivatives 
forming chains43 or dimers41 with accessible coordination water molecules, have only been 
isolated in the solid state so far. While Keggin subunits usually lead to 1D architectures or 
dimeric assemblies, a variety of dimers showing cap–to–cap, belt–to–belt and cap–to–belt 
coordination modes have been observed for Wells–Dawson fragments depending on the size 
of the employed lanthanide. 
 
Figure 3.5. Structural diversity of some representative 4f–substituted polylacunary POWs of different composition 
and nuclearity. 
Besides Peacock–Weakley species, some other lanthanide containing dimeric POMs are 
known, which are based on trilacunary Keggin units. These include Krebs and Knoth –type 
POWs incorporating 4f–metals, the so–called open Wells–Dawson polyanions, or 4f–
substituted [As2W19O67]14– clusters formed by two [B–α–AsW9O33]9– fragments linked through 
one {WO6} octahedron.44 Alternatively, polylacunary Wells–Dawson fragments encapsulating a 
central rhomblike cerium cluster as well as a {Yb6O6} hexamer have been prepared, and even 
more complex lanthanide–containing architectures based on the Preyssler–type [P5W30O110]15– 
or the wheel–shaped [P8W48O184]40– polyanions have been isolated.45 While just a handful of 
examples of trimeric lanthanopolyoxotungstates have been reported, the analogous 
tetrameric species represent a huge subfamily where almost all of them are built from 
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dilacunary Keggin–type POMs or trilacunary units with lone–pair containing heteroatoms such 
as AsIII or SbIII. The [CeIV2(PW10O38)(PW11O39)2]17– 4f–polyoxotungstate prepared by Nogueira, 
which contains dilacunary α–Keggin type phosphotungstate units in its structure, represents an 
illustrating example of the former group.46 Alternatively, Yamase’s [Ln3(α–SbW9O33)(W5O18)3]18–
, the [Ce3(H2O)8{Sb4O4}{WO2(H2O)}2(α–SbW9O33)4]19– anion trapping the rare {Sb4O4} moiety, 
the [(BiW9O33)4(WO3){Bi6(μ3–O)4(μ2–OH)3}(Ln3(H2O)6CO3)]22– assembly showing the central 
{Bi6(μ3–O)4(μ2–OH)3} cluster, Francesconi’s [(Eu2PW10O38)4(W3O14)]30– anions and some other 
compounds prepared from the tetrameric {As4W40O140} POW cryptate could also be considered 
as relevant examples within the second group.47 Furthermore, lanthanide–substituted POWs 
showing higher nuclearity have also been observed in crown–shaped {M{Eu(H2O)2(α–
AsW9O33}n} tetra–or hexameric assemblies (where M = K, n= 6; M = Cs, n= 4) or the hexameric 
[Cs{Ln6As6W63O218(H2O)14(OH)4}]25– and [Ho5(H2O)16(OH)2As6W64O220]25–macroanions. 48  Very 
recently, Artetxe et al. prepared a series of giant POMs by one–pot reaction of lanthanide(III) 
ions, GeO2 and Na2WO4 in sodium acetate buffer resulting in a library of [Ln2(GeW10O38)]6− 
clusters which consist of dilacunary Keggin fragments stabilized by the coordination of 4 f–
metal atoms to the vacant sites which show the ability to undergo cation–directed association 
processes (Figure 3.5). Interestingly, some of these 4f–substituted macroPOMs exhibit the 
ability to self–assemble into spherical, hollow, and single–layered vesicle–like blackberry–type 
structures in solution, as monitored by dynamic (DLS) and static (SLS) light scattering 
techniques and confirmed by transmission electron microscopy (TEM).49 
3.1.4 Hybrid 4f–substituted heteropolyoxotungstates 
Lanthanide centers belonging to lacunary POM cluster usually have several accesible 
water molecules in their coordination sphere susceptible of being replaced with organic 
fragments, except for Peacock–Weakley type isoPOMs. However, direct organic derivatization 
on those 4f–metal centers can be a challenging task to carry out. Even though the highly 
oxophilic character of the lanthanide centers makes carboxylic acids suitable organic ligands to 
achieve such functionalization, the electrostatic repulsion originated by the overall negative 
charge of the 4f–substituted polyanion often prevents the coordination from suceeding. In 
addition, a bulky POM cluster can also show a significant steric hindrance effect preventing the 
ligands from getting closer to the 4f centers. These two drawbacks have been overcome by 
using small ligands in a large excess, chelating ligands or even positively charged POMs, as well 
as resorting to hydrothermal methods. For instance, the use of carboxylate ligands such as 
oxalate bridging ligand can lead to the oligomerization of late–lanthanide monosubstituted 
Wells–Dawson or Keggin anions.50 Similar reaction results in the monodimensional hybrid 
[Yb2(H2O)2(C2O4){α–PW10O38}]n3–when YbIII is used as lanthanide source. The use of N,O–
chelating ligands such as picolinic acid allowed Boskovic et al. to prepare some organically 
functionalized Tb and Eu derivatives of the [As2W19O67(H2O)]14– lacunary polyanion, which 
show interesting photoluminescent properties. 51  Recently, Xu et al. reported a DyIII–
disubstituted Keggin POW, namely [Dy2{Hcit}2AsW10O38]11− (cit = citrate), where a citrate ligand 
is tri–coordinated to each dysprosium centers through two carboxylate oxygen atoms and one 
OH group52 (Figure 3.6).  
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Figure 3.6. Some representative carboxylate–bridged Ln–substituted POWs (acetate or oxalate) highlighting the 
{{(α–XW11O39)Ln(H2O)(μ–COOCH3)}}2 fragment, along with citrate or picolinate–coordinated Ln–heteroPOWs. 
Organic ligands: pic = 2–picolinate; cit = citrate.  
A representative example of the growing Ln–substituted heteroPOW family consists on 
Keggin–type 4f–monosubstituted anions that form dimeric entities through acetate ligands 
bridging the lanthanide centers (Figure 3.6), the general formula of which is [{(α–
XW11O39)Ln(H2O)(μ–COOCH3)}2]10/12– (X = PV, SiIV, GeIV). The first two examples containing such 
fragment were isolated by Mialane et al. (X = Si, Ln = Gd, Yb).53 After that, a few analogues 
belonging to the germanotungstate (Ln = Eu–Yb)54 and phosphotungstate (Ln = Sm–Er)55 
families were obtained and recently, more 4f–derivatives of the silico– and phosphotungstate 
systems were obtained by Hussain and coworkers (Ln = Eu–Tb)56 and Niu’s group (Ln = Dy, 
Lu),57 respectively. It is worth remarking that analogous salts containing early 4f–metals have 
not been isolated yet. The grafting of metalorganic moieties to these 2:2 type acetate–bridged 
POMs have met limited success, as heterometallic hybrids constructed from these dimmers 
are scarce. In this sense, only Cu(II) complexes of simple ligands (en) have been grafted so far 
on the surface of such clusters which required the use of hydrothermal methods in all cases 
(en = ethylendiamine). The former hybrids are limited to just five crystal structures belonging 
to {SiW} (Ln = Ce, Nd, Sm),58 {PW} (Ln = Sm), and {GeW} (Ln = Tb)59 Keggin. Interestingly, among 
these hybrids only the Ce–containing silicotungstate shows a ladder–like mono–dimensional 
arrangement, whereas the others consist on discrete heterometallic complexes (Figure 3.7). 
Some closely related compounds with similar {XW}–Ln–organic ligand–Ln–{XW} connection 
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motif can also be found in the literature. For instance, replacement of the bridging acetate 
ligands for the tetradentate oxalate resulted in various molecular ox–bridged 
polyoxotungstates like {[(α–PW11O39)Ln(H2O)]2(C2O4)}10− (Ln = Dy–Er)50b or the series of di–
substituted Lindqvist–type isopolyoxotungstates such as the dimeric 
[{Ln2(C2O4)(H2O)4(OH)W4O16}2]10– and tetrameric [{Ln(C2O4)W5O18}4]20– (Ln = Eu–Tb) polyanions 
reported by Chen’s group, 60  as well as Kortz’s acetate–bridged Dawson–type [{La(α2–
P2W17O61)(H2O)2(μ–CH3COO)}2]16– salt61  (Figure 3.6). Yang et al. prepared a monodimensional 
3d–4f hybrid based on [{Cu(en)2}2[(α–PW11O39)Tb(H2O)2}2(C2O4)]26– dimeric units where ox acts 
as bridge and the POM units are linked by dinuclear [Cu2(en)2(C2O4)]2+ complexes,62 while Sun’s 
group reported similar monodimensional ox–bridged silicotungstate hybrids with Cu(II)–en 
complexes (Ln = Dy, Er).63 The latter hybrid compounds were identified as excellent adsorbents 
for the selective separation for cationic dyes such as methylene blue in aqueous solution. It is 
worth mentioning the series of heterometallic hybrids with mixed ligands prepared by Wang’s 
group that contain bridging Cu(II)–pzda (pzda = pyrazine–2,3–dicarboxylate) moieties and 
grafted Cu(II)–en complexes, which show both discrete (Ln = Dy, Yb, Lu) and 1D assemblies (Ln 
= Ce)64 (Figure 3.7). 
 
Figure 3.7. Some representative carboxylate–bridged Ln–substituted heteroPOWs, showing both discrete and 
monodimensional assemblies. Organic ligands: pzda = pyrazine–2,3–dicarboxylate; ox = oxalate. 
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3.1.5 SCSC Transformations in Polyoxotungstates 
Solid–state transformations have been long known in POW chemistry as exemplified by 
the isomerization of the trilacunary [A, α–PW9O34]9− Keggin–type heteroPOW cluster into the 
B,α–form upon thermal treatment reported back in 1987.65 In addition, among the 28 reports 
on stimuli–responsive POM–based compounds able to undergo SCSC transformations that 
have been reported to date, the vast majority of them consist in polyoxotungstates (19 
reports), exclusively those belonging to the heteroPOW subfamily, as no reports on isoPOW–
based compounds undergoing such type of phase transitions have been reported as of yet. The 
reported heteroPOWs are formed exclusively by either Keggin–type structure or some of its 
derivatives, comprising examples of nearly all types of inductive processes observed in SCSC 
transformations so far (light, redox, removal of solvent/guest molecules and post–synthetic 
functionalization). 
The four compounds belonging to a family of (Hmorph)n[HmM12X7W72O268] (morph = 
morpholine; M = Mn, Co; X = Si, Ge; {m, n} = {12, 40} for Mn and {6, 46} for Co, respectively) 
covalent hybrid frameworks reported by Cronin et al. constitute the single example in the 
literature of POM–based compounds able to undergo redox–induced SCSC transformations. In 
these studies, the Mn–containing silico– 66  and germanotungstate 67  derivatives undergo 
selective reduction of the MnIII centers to the oxidation state MnII with retention of the 3D 
covalent framework of polysubstituted Keggin clusters, whereas the analogous Co derivatives 
suffer a selective oxidation of the CoII to CoIII with similar results in the overall packing.68 SCSC 
transformations upon irradiation of crystals with light are also scarce in comparison with the 
number of processes promoted by the absorption/desorption of guest molecules. In fact, a 
single example of a POM–based compound able to undergo a photoinduced SCSC 
transformation can be found in the literature, namely [Gd2(nmp)12(PW12O40)][PW12O40] (nmp = 
N–methyl–2–pyrrolidone). This hybrid compound was prepared by Zhang and coworkers and is 
able to undergo sunlight induced photopolymerization of discrete cationic and anionic clusters 
into a 1–dimensional hybrid polymeric assembly.69 
In the past few years, Mizuno’s group reported a large collection of microporous 
crystalline materials with tunable gas sorption properties.70 These ionic solids are composed of 
POM clusters (mostly α–Keggin frameworks) and (μ3–O)–centered trinuclear 
[MIII3O(OOCR)6(L)3]+ macrocations with triangular shape, in which the trivalent transition 
metals (MIII = Cr, Fe) are linked by six carboxylate anions (OOCR) in bridging μ2–(κ2–O:O’) 
fashion showing one terminal ligand each (L = H2O, pyridines, etc.). The complementary 
topologies of anions and cations favor the formation of ionic crystal packings with open 
framework nature that show voids and/or channels filled with guest solvent molecules. 
According to powder XRD studies, the latter can be evacuated without collapse of the 
micropores and with retention of the crystallinity for several of these compounds,71 but only in 
a few cases the structure of the resulting guest–free phase has been determined by single–
crystal XRD. The pair formed by compound Cs5[Cr3O(OOCH)6(H2O)3][CoW12O40]·7.5H2O and its 
partially dehydrated derivative Cs5[Cr3O(OOCH)6(H2O)3][CoW12O40]·3.5H2O are one amongst 
these rare examples, but worth being remarked as they constitute the first reported SCSC 
transformation study involving a POM–based compound. 72  Compounds 
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K2[Cr3O(OOCC2H5)6(H2O)3]2[SiW12O40]·3H2O and Rb2[Cr3O(OOCC2H5)6(H2O)3]2[SiW12O40]·4H2O 
represent additional examples of microporous ionic frameworks based on α–Keggin anions and 
[MIII3O(OOCR)6(L)3]+ macrocations for which the structures of their anhydrous phases, namely 
K2[Cr3O(OOCC2H5)6(H2O)3]2[SiW12O40] and Rb2[Cr3O(OOCC2H5)6(H2O)3]2[SiW12O40], have been 
determined by single–crystal XRD.73 
Ionic POM–based compounds can also show dynamic behavior and undergo crystal 
phase transitions triggered by the evacuation of solvent molecules that involve rupture and 
formation of covalent bonds. The SCSC transformations of the α–Keggin type silicotungstate74 
[Cu(bpmen)(H2O)][SiW12O40{Cu(bpmen)}] and its related germanotungstate derivative 75 
[Cu(bpmen)(H2O)][GeW12O40{Cu(bpmen)}]·3.5H2O into their corresponding anhydrous phases 
[XW12O40{Cu(bpmen)}2] (X = Si; X = Ge) are illustrative examples of this phenomenon (bpmen = 
N,N′–dimethyl–N,N′–bis–(pyridin–2–ylmethyl)–1,2–diaminoethane). Dynamic behavior 
associated with the rupture and formation of coordinative bonds triggered by the thermal 
evacuation of solvent molecules has also been observed for neutral, molecular hybrid species 
based on POM clusters and metalorganic moieties, such as those in the isostructural 
compounds [XW12O40{Cu(bpmpn)(H2O)}2]·3.5H2O (X = Si; X = Ge; bpmpn = N,N′–dimethyl–N,N′–
bis(pyridin–2–ylmethyl)–1,3–diaminopropane).74 An additional example of bonding disruption 
within a crystal framework that is essentially preserved upon evacuation of solvent molecules 
can be found for the isostructural compounds 
[C(NH2)3]4[{XW12O40}{Cu2(pic)4}]2[Cu2(pic)4(H2O)]·6H2O (X = Si, Ge; pic = 2–picolinate), which 
transforms into the [C(NH2)3]4[{XW12O40}{Cu2(pic)4}]4[Cu(pic)2]2 phases upon full dehydration.76 
A representative example of postsynthetic functionalization that occurs through a SCSC 
transformation triggered by concomitant exchange of cations and lattice solvent molecules is 
illustrated by compound [H3O]4[Mn4(H2O)18][WZnMn2(H2O)2(ZnW9O34)2]·18H2O reported by Wu 
and coworkers.77 Crystals of the title compound are able to incorporate divalent transition 
metal ions into architectural interstices as shown by the postfunctionalized phases 
[M2(H2O)6][Mn4(H2O)16][WZnMn2(H2O)2(ZnW9O34)2]·10H2O (M = Co, Cu) obtained through a 
cationic exchange process. In 2011, Uehara and Mizuno prepared the [SiV2W10O39]4− 
heterocluster78  which was isolated as the (TBA)4[SiV2W10O39]·2DCE salt (TBA = tetra–n–
butylammonium, DCE = 1,2–dichloroethane). The authors provided crystallographic 
confirmation of the [H2SiV2W10O40]4− POM precursor being a γ–Keggin type polyoxotungstate 
cluster with two bis(hydroxo)–bridged vanadium (V) atoms occupying the addenda metal 
positions 1 and 2 according to the IUPAC nomenclature.79 Mizuno also used single–crystal XRD 
technique to determine the structural changes promoted by ligand/cation sequential exchange 
processes in two of his macrocations–containing potassium salts, namely 
K2[Cr3O(OOCH)6(etpy)3]2[SiW12O40]·8H2O and K2[Cr3O(OOCH)6(mepy)3]2[SiW12O40]·8H2O (etpy = 
4–ethylpyridine; mepy = 4–methylpyridine). These SCSC transformations proceed in both cases 
with retention of the initial robust ionic open–frameworks.80 
Very recently, Zhan and coworkers reported what they call the first “flexi–crystal”, 
namely Li9K7W1Co10[H2P8W48O186]·132 H2O, the denomination of which stands for a flexible 
crystalline transition metal oxide compound that is dynamically switchable between many 
phases and capable of performing numerous SCSC transformations.81 This compound consist 
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on a one–dimensional chain–like structure in which adjacent {P8W48} rings are bridged 
together by CoII ions. This compound, was synthesized under relatively mild conditions, using a 
two–step approach involving the reaction of the preformed {P8W48} building block with 
Co(ClO4)2·6H2O in aqueous media and exhibits at least 8 crystal–to–crystal states connected at 
11 different routes. These SCSC transformations can be induced by various environmental 
stimuli and they range in the relative topology and/or connectivity of the rings spanning the 
full range of dimensionalities, from zero to three–dimensional architectures, with fully isolated 
0D, 1D, 2D and 3D systems. 
3.1.6 Summary 
In the first section of this chapter, we report the first 3D covalent structure with 
permanent porosity constructed from the relatively uncommon {W7} cluster and {Cu(cyclam)} 
metalorganic bridging complexes. Interestingly, compound 1–CuW7 undergoes two sequential 
SCSC transformations upon gradual dehydration leading to the partially hydrated 2–CuW7 and 
the anhydrous 3–CuW7, which constitutes the first example of a heptatungstate–based 
isoPOM that exhibit such type of thermally activated transformations. The permanent porosity 
of these hybrids has been assessed by gas sorption experiments which revealed that our 
compounds are one of the few POM–based hybrids with both N2 and CO2 gas sorption 
functionality. Meanwhile, the preparation and crystallochemical characterization of the first 
covalent bidimensional 2:2 type acetate–bridged Ln–substituted germanotungstate hybrids 
with {Cu(cyclam)} moieties for all Ln derivatives (Ln = La to Lu), namely 
[Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)Ln(H2O)(μ–CH3COO)2]·17–19H2O (1–Ln, Ln =La to Lu) 
is described in the second section of the chapter. These dimeric hybrids undergo reversible 
SCSC transformations promoted by dehydration upon heating to give new 1D crystalline 
phases (2–Ln, Ln = Eu, Er and 3–Ln, Ln = Ce, Eu). Single–crystal XRD, together with 
simultaneous PXRD and TGA analyses revealed that rehydration kinetics depends strongly on 
the Ln analogue for the 2–Ln to 1–Ln phase transition. This is the first time that such 
interesting thermally triggered transformations have been reported in these type of acetate–
bridged heterometallic hybrids. 
3.2 ISOPOLYOXOTUNGSTATES 
3.2.1 Experimental Section 
Materials and methods 
All chemicals were obtained from commercial sources and used without further 
purification. Carbon, hydrogen and nitrogen contents were determined on a Perkin–Elmer 
2400 CHN analyzer. FT–IR spectra were obtained as KBr pellets on a SHIMADZU FTIR–8400S 
spectrometer. Thermogravimetric (TGA) analysis was carried out from room temperature to 
650 °C at a rate of 5 °C min–1 on a Mettler Toledo TGA/SDTA 851e thermobalance under a 50 
cm3 min–1 flow of synthetic air. Powder X–ray diffraction (PXRD) patterns were collected on a 
Bruker D8 Advance diffractometer operating at 30 kV/20 mA and equipped with Cu Kα 
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radiation (λ = 1.5418 Å), a Vantec–1 PSD detector, an Anton Parr HTK2000 high–temperature 
furnace, and Pt sample holder (Figure A3.1 in the Appendix). The powder patterns were 
recorded in 2θ steps of 0.033° in the 5 ≤ 2θ ≤ 35 range, counting for 0.3 s per step. Data sets 
were acquired from 30 to 530 °C with a 0.16 °C s−1 heating rate between temperatures. 
Synthetic procedure 
[{Cu(cyclam)}3(W7O24)]·15.5 H2O (1–CuW7). Na2WO4·2H2O (0.230 g, 0.70 mmol) was 
dissolved in 20 mL of water at room temperature, and the pH was adjusted with 0.5 M NaOH 
to 8.3. Then, a solution composed of CuSO4 (0.075 g, 0.30 mmol) and cyclam ligand (0.060 g, 
0.30 mmol) in 15 mL of water was added dropwise to the tungstate solution. Afterwards, the 
resulting dark purple solution was stirred at room temperature for 2 h and then filtered off. 
Finally, the solution was left to slowly evaporate at room temperature and purple block 
crystals suitable for XRD diffraction were obtained after 4 days. Yield: 36 mg (13% based on 
Na2WO4·2H2O). Anal. Calcd (found) for C30H103Cu3N12O39.5W7: C, 13.14 (12.75); H, 3.83 (3.79); N, 
6.13 (5.88). IR (cm–1): 3228 (vs), 3163 (vs), 2935 (s), 2865 (s), 1630 (m), 1474 (w), 1454 (w), 
1443 (w), 1430 (w), 1387 (w), 1358 (w), 1314 (w), 1292 (w), 1254 (w), 1234 (w), 1105 (m), 1065 
(m), 1063 (m), 1016 (m), 1014 (m), 962 (vs) 883 (vs), 843 (s), 812 (s), 669 (s), 577 (sh), 486 (m), 
436 cm–1 (m). 
[{Cu(cyclam)}3(W7O24)]·12H2O (2–CuW7). Single crystals of 1–CuW7 were heated at 60 
°C in an oven for 1 h, which produced a slight colour change from dark pink to brighter pink.  
[Cu(cyclam)]0.5[{Cu(cyclam)}2.5(W7O24)] (3–CuW7). Single crystals of 1–CuW7 were 
heated in an oven at 120 °C for 1 h, with their colour changing to maroon. 
Single–crystal X–ray crystallography 
Crystallographic data for 1–CuW7, 2–CuW7 and 3–CuW7 isopolyoxotungstate hybrids 
are given in Table 3.1. Intensity data were collected on an Agilent Technologies Super–Nova 
diffractometer, which was equipped with monochromated Mo Kα radiation (λ = 0.71073 Å) 
and Eos CCD detector with the exception of 1–CuW7. For the latter, the selected radiation and 
detector were monochromated Cu Kα radiation (λ = 1.54184 Å) and Atlas CCD, respectively. 
The data collection temperature was 100 K for all compounds.  
In the cases of the partially dehydrated 2–CuW7 and the anhydrous phase 3–CuW7, 
single crystals of each compound were respectively heated to 333 and 393 K at a rate of 1 K 
min–1 in an oven, mounted on the diffractometer which was at 333 (2–CuW7) and 393 K (3–
CuW7) and then cooled down to 100 K to perform the full data collection. Data frames were 
processed (unit cell information, analytical absorption correction with face indexing, intensity 
data integration and correction for Lorentz and polarization effects) using the CrysAlis Pro 
software package.82 The structures were solved using OLEX283 and refined by full–matrix least–
squares with SHELXL–2014/6.84 Final geometrical calculations were carried out with PLATON85 
as integrated in WinGX.86 Thermal vibrations were treated anisotropically for heavy atoms (W 
and Cu). Hydrogen atoms of the organic ligands were placed in calculated positions and refined 
using a riding model with standard SHELXL parameters. Twenty positions suitable for water 
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molecules of hydration were located in the Fourier map of 1–CuW7 and their occupancy was 
initially refined without restrictions. The resulting total number of 15.4 water molecules per 
heptatungstate cluster was fixed to 15.5 during the final refinement. For 2–CuW7 however, 24 
positions per two hepatungstate fragment with whole occupancy were located and fixed as 
that. The space within the channels occupied by the water molecules of hydration was 
visualized by PyMol.87 
 
Table 3.1. Crystallographic data for 1–CuW7, 2–CuW7 and 3–CuW7 isopolyoxotungstates. 
 1–CuW7 2–CuW7 3–CuW7 
empirical formula C30H103Cu3N12O39.5W7 C30H96Cu3N12O36W7 C30H72Cu3N12O24W7 
fw (g mol–1) 2741.81 2678.75 2462.56 
Z 2 4 8 
crystal system triclinic triclinic monoclinic 
space group P–1 P–1 P21/a 
temperature (K) 100(2) 100(2) 100(2) 
a (Å) 15.8305(5) 16.0175(2) 24.3100(3) 
b (Å) 11.6366(4) 20.1960(3) 20.4530(2) 
c (Å) 20.8710(6) 20.5149(3) 26.8571(2) 
 () 74.229(3) 89.9080(10) 90 
 () 95.933(2) 96.2760(10) 82.4570(10) 
 () 106.308(3) 84.7810(10) 90 
V (Å3) 3549.6(2) 6568.79(16) 13238.1(2) 
Kα (Å) 1.54184 0.71073 0.71073 
calc (g cm–3) 2.565 2.709 2.471 
 (mm–1) 22.107 13.248 13.122 
collected rflns 26669 42612 94635 
unique rflns (Rint) 12624 (0.037) 23105 (0.026) 24638 (0.044) 
observed rflns [I > 2(I)] 11309 20330 18419 
parameters 441 817 715 
R(F)a [I > 2(I)] 0.038 0.031 0.050 
wR(F2)b [all data] 0.101 0.078 0.102 
GoF 1.028 1.081 1.150 
a R(F)=Σ||Fo–Fc||/Σ|Fo|;  b wR(F2)={Σ[w(Fo2–Fc2)2]/Σ[w(Fo2)2]}1/2 
Gas sorption measurements 
The gas physisorption measurements were performed on a Quantachrome Autosorb–
iQ–MP. All samples were activated in vacuum at 120 °C for 24 h prior to gas adsorption 
measurements. Lower or higher activation temperatures did not result in samples with larger 
gas uptake capacity. The PXRD patterns of the outgassed samples showed that the structure 
remains stable without any loss of crystallinity. Nitrogen isotherms were acquired at 77 K, 
while carbon dioxide physisorption data were recorded at 273, 293 and 298 K. The specific 
surface area was calculated from the N2 adsorption branch using the Brunauer–Emmett–Teller 
(BET) method.88 
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3.2.2. RESULTS AND DISCUSSION 
Synthesis 
The synthesis of the heptatungstate hybrid 1–CuW7 was carried out by reacting 
Na2WO4·2H2O in aqueous media at pH = 8.3 with cyclam ligand and copper sulfate salt. 
Different salts were used as transition metal source like chloride, acetate and nitrate in an 
attempt to figure out if they could have a decisive role in the formation of the product 1–
CuW7. The results indicated that no effect took place as the same compound 1–CuW7 was 
obtained when NO3–, Cl– and CH3COO– anions were present in the reaction medium. We also 
screened a wide range of pH values to determine the pH values in which 1–CuW7 was stable 
enough to isolate it. In this sense, our results indicated that pure crystals of 1–CuW7 can only 
be obtained when the tungstate solution was adjusted to pH values in the specific range of 
6.0–9.5 with a highly variable yield depending on the final pH. At pH values between 6.0–7.3 
only a few single crystals of 1–CuW7 (yield below 1%) were obtained whereas a significant 
increase in the reaction yield was observed when the reaction was adjusted to higher pH 
values in the range 7.5–9.5 with the highest observed at 8.3 (yield 13%). When the reaction 
medium was adjusted to values above 9.5 however, a new crystalline hybrid phase constituted 
by tungstate [WO4]2–anions and {Cu(cyclam)}2+ complexes was obtained as evidenced by 
single–crystal XRD, which will not be covered in this dissertation. In contrast, no identifiable 
solid formation was observed below pH = 6.0. (Figure 3.8). 
 
Figure 3.8. Influence of the pH in the Cu2+:cyclam:WO42– synthetic system. 
Apart from that, similar reactions were performed at 50 °C, 90 °C and under refluxing 
conditions at pH = 7.5–9.5 in order to verify the influence of the temperature in the reaction 
that led to the hybrid 1–CuW7. Interestingly enough, while purple block crystals were obtained 
at 50 °C as well as at room temperature in comparable yields, when the reaction temperature 
was raised above mild heating no product formation was observed for weeks. After three 
weeks however, the formation of a light purple polycrystalline powder was observed (yield < 
10%), which was identified as the same 1–CuW7 phase, as evidenced by FT–IR and PXRD 
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patterns. In view of this, we determined that the temperature has an important effect since it 
affected not only the crystallinity grade and the crystallization speed, but also the yield of the 
resulting {W7} hybrid in a significant way. Finally, isolation of compound 1–CuW7 also depends 
heavily on the nature of the transition metal. We tried to prepare analogous compounds with 
similar reactions at room temperature and 50 °C but using CoII, NiII and ZnII instead of CuII. The 
resulting amorphous brownish, greenish and white precipitates could not be further 
characterized on the basis of IR spectroscopy, confirming that the plasticity that CuII centres 
display seems to play a key role in the stabilization of the heptatungstate clusters and thus, the 
formation of the heptatungstate hybrid 1–CuW7. 
Vibrational characterization and thermostructural behaviour of 1–CuW7 
The preliminary characterization of 1–CuW7 was carried out by means of FT–IR 
spectroscopy (Figure 3.9). The FT–IR spectrum of 1–CuW7 shows the characteristic peaks at 
around 962, 883–843 and 669 cm–1 which have been attributed to νas(W–Ot), νas(W–Ob–W) and 
νs(W–Ob–W) bands arising from the [W7O24]6– cluster, respectively (Ot: terminal oxygen atom; 
Ob: bridging oxygen atom). At lower wavenumber values weaker bands attributable to δ(W–
Ob–W) vibration can be found as well. Regarding the metal–organic region of the FT–IR 
spectrum, the peaks associated with the stretching of the –N–H and –C–H bonds are 
respectively observed at 3228–3163 and 2935–2865 cm–1, whereas several weak to medium 
signals corresponding to the δ(C–H) and ν(N–C) vibration modes are also present in the 1474–
1234 and 1105–1014 cm–1 ranges. These signals confirm the presence of the cyclam ligand 
while the strong signal at 3420 cm–1 is associated with the characteristic vibration of H2O. 
 
Figure 3.9. FT–IR spectrum of 1–CuW7 hybrid heptatungstate with details of the inorganic region. 
Thermal stability of compound 1–CuW7 was investigated by thermogravimetric 
measurements (Figure 3.10). The first stage is observed as a mass loss that extends from room 
temperature to ca. 80 °C, which corresponds to the release of all free water molecules. The 
initial mass loss of 10.25% corresponds to 31 water molecules per two cluster (calcd 10.18%). 
Total dehydration leads to the anhydrous phase (3–CuW7), which shows a significant interval 
of thermal stability until its degradation at ca. 220 °C. The anhydrous phase then undergoes 
further decomposition via various overlapping mass loss stages of due to the crumbling of the 
POM framework and the combustion of the organic ligands. The overall mass loss for this 
second stage is 22.21%, which is in good agreement with six cyclam ligands per two cluster 
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(calcd 21.88%). The final residue is obtained at temperatures above ca. 450 °C (calcd. for 
Cu3O24W7 67.89%, found 67.95%). 
 
Figure 3.10. Thermostructural studies for 1–CuW7 hybrid. TGA curve (top left) and TPXRD measurements (bottom) 
highlighting the different thermal derivatives (1–,2– and 3–CuW7) and the most notable changes when going from 
2– to 3–CuW7, in both experimental (bottom right) and simulated from sc–XRD data diffractograms (top right). 
Taking into account the thermal stability range that 1–CuW7 displays and encouraged by 
our previous results in vanadium–based hybrid frameworks with temperature dependent 
crystal transitions (See chapter 2), we decided to study this kind of structural transformations 
in 1–CuW7 as well. In order to analyze its thermostructural behavior, variable–temperature 
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powder X–ray diffraction (TPXRD) measurements were carried out. TPXRD experiments 
between 30 and 530 °C showed that 1–CuW7 transforms into another partially hydrated phase 
(2–CuW7) at the early temperature of 50 °C as demonstrated by notable modifications in the 
positions of the most intense diffraction maxima in the low 2θ region (Figure 3.10). In 
particular, the maximum at 7.9° disappears at 50 °C whereas a new one appears at 2θ values 
around 6.6°. Furthermore, subtle variations can be observed in several diffraction maxima of 
weak intensity that appear at 2θ angles in the 9 < 2θ < 15° range. Regarding the patterns 
collected above 50 °C, no relevant modification is observed in the positions of the most 
intense diffraction maxima until complete amorphization at 230 °C, which is in good 
agreement with the results observed in the TGA analyses that show a thermal stability range 
for the anhydrous phase that extends up to this temperature. Nevertheless, close inspection of 
the weak intensity diffraction maxima in the 9–12° range reveals the presence of two different 
phases in the crystalline region. (Figure 3.10). The partially hydrated 2–CuW7 undergoes a 
gradual change to exclusively lead to the anhydrous 3–CuW7 above 150 °C. This 
transformation can be traced by the presence of three overlapped maxima centered at 2θ = 
11° in 2–CuW7 that evolves into two peaks in 3–CuW7. In addition, the relatively broad 
maximum at 10° is divided into two well defined peaks when going from 2–CuW7 to 3–CuW7. 
Several diffraction maxima belonging to new high–temperature crystalline phases start 
appearing above ca. 450 °C. At 550 °C, these phases forming the final residue of the thermal 
decomposition are defined enough for being identified as a mixture of orthorhombic Pmnb 
WO3 (PDF: 01–071–0131)89 and triclinic P–1 CuWO4 (PDF: 01–088–0269),90 with Scheelite–type 
structure in an approximate ratio 55:45 (Figure A3.2 in the Appendix). 
We decided to carry out single–crystal XRD studies in an attempt to determine the 
structure of the new partially dehydrated intermediate observed at temperatures above 50 °C 
(2–CuW7). For that end, a single crystal of 1–CuW7 for which full intensity data were initially 
collected at 100 K was heated to 60 °C, after which the temperature was lowered back to 100 
K to perform a full data collection. The crystal preserved its integrity and crystallinity during 
the whole process and this allowed us to determine the structure of 2–CuW7. Similarly, the 
previous process was repeated with a second crystal but the temperature was raised to 120 °C 
instead to ensured total dehydration of the sample and thus, we were able to structurally 
characterize the thermally stable anhydrous phase (3–CuW7).  
Crystal structure of 1–CuW7 
Compound 1–CuW7 crystallizes in the triclinic P–1 space group. The asymmetric unit of 
1–CuW7 consists of an heptatungstate {W7} fragment, five {Cu(cyclam)} complexes, which four 
of them are centrosymmetric, and several lattice water molecules. The heptatungstate 
polyoxoanion is formed by the connection of six {WO6} octahedra that share edges and corners 
forming a ring, where at its center another {WO6} unit is connected through its edges (Figure 
3.11). Compared to other planar clusters like the Anderson–type POM, the heptatungstate 
cluster displays a non–planar structural feature that results in its characteristic V shape. The 
W–O bond lengths are in the range of 1.729(6)–2.419(5) Å, which are comparable to those 
reported in the literature.12 
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Figure 3.11. ORTEP view depicted at 50% of the hybrid POM of 1–CuW7 with partial atom labelling (left) along with 
the polyhedral representation of the top and side views of the heptatungstate cluster (right). 
Table 3.2. Cu–O bond lengths and Cu···O distances as well as the polyhedral distorsion (CShM) of the {Cu(cyclam)} 
complexes in 1–CuW7 and its thermal derivatives 2–CuW7 and 3–CuW7. 
1–CuW7 2–CuW7 3–CuW7 
Cu1A–Nmean 2.012 Cu1A–Nmean 2.009 Cu2A–Nmean 2.006 Cu1A–Nmean 1.997 Cu2A–Nmean 2.001 
Cu1A–O3 2.597(6) 
Cu1A–O22A 2.624(4) Cu2A–O77B 2.664(4) Cu1A···O22A 2.898(10) Cu2A–O11B 2.549(10) 
Cu1A–O77i 2.731(6) 
OC–6 3.017 SPY–5 1.612 SPY–5 1.403 SP–4 0.172 SPY–5 1.595 
Cu1B–Nmean 2.024 Cu1B–Nmean 2.024 Cu2B–Nmean 2.021 Cu1B–Nmean 2.033 Cu2B–Nmean 2.027 
Cu1B–O33 2.348(6) Cu1B–O33A 2.316(4) Cu2B–O33B 2.347(4) Cu1B–O33A 2.292(9) Cu2B–O33B 2.578(8) 
Cu1B–O33ii 2.348(6) Cu1B–O33Ai 2.316(4) Cu2B–O33Bvi 2.347(4) Cu1B–O33Ai 2.292(9) Cu2B–O33Biii 2.578(8) 
OC–6 0.634 OC–6 0.527 OC–6 0.739 OC–6 0.449 OC–6 1.812 
Cu1C–Nmean 2.015 Cu1C–Nmean 2.026 Cu2C–Nmean 2.017 Cu1C–Nmean 2.013 — — 
Cu1C–O1 2.572(6) Cu1C–O1Aii 2.458(5) Cu2C–O1B 2.478(5) Cu1C–O1A 2.403(10) — — 
Cu1C–O1iii 2.572(6) Cu1C–O1Aiii 2.458(5) Cu2C–O1Biii 2.478(5) Cu1C–O1B 2.654(10) — — 
OC–6 1.631 OC–6 0.958 OC–6 1.174 OC–6 1.411 — — 
Cu1D–Nmean 2.026 Cu1D–Nmean 2.019 Cu2D–Nmean 2.021 Cu1D–Nmean 2.019 Cu2D–Nmean 2.004 
Cu1D–O55 2.456(6) Cu1D–O55Aiv 2.457(4) Cu2D–O55B 2.419(5) Cu1D–O55B 2.328(10) Cu2D–O55A 2.515(8) 
Cu1D–O55iv 2.456(6) Cu1D–O55Aii 2.457(4) Cu2D–O55Bvii 2.419(5) Cu1D–O55Bii 2.328(10) Cu2D–O55Aiv 2.515(8) 
OC–6 1.038 OC–6 1.187 OC–6 1.160 OC–6 0.593 OC–6 1.595 
Cu1E–Nmean 2.018 Cu1E–Nmean 2.032 Cu2E–Nmean 2.019 Cu1E–Nmean 2.019 — — 
Cu1E–O7 2.492(6) Cu1E–O7A 2.452(4) Cu2E–O7B 2.492(4) Cu1E–O7A 2.374(10) — — 
Cu1E–O7v 2.492(6) Cu1E–O7Av 2.452(4) Cu2E–O7Bviii 2.492(4) Cu1E–O7Bv 2.656(10) — — 
OC–6 1.283 OC–6 1.675 OC–6 1.285 OC–6 1.722 — — 
Symmetry codes: 1–CuW7: i) x, 1+y, z; ii) –x, 2–y, 2–z; iii) 1–x, 2–y, 2–z; iv) 1–x, 2–y, 1–z; v) 1–x, 2–y, 1–z. 2–CuW7: i) 
1–x, 2–y, 1–z; ii) x, 1+y, z; iii) –x, 3–y, 1–z; iv) –x, 3–y, 2–z; v) 1–x, 2–y, 2–z; vi) 1–x, 3–y, 1–z; vii) –x, 3–y, 2–z; viii) 1–x, 
3–y, 2–z. 3–CuW7: i) 1–x, 2–y, 1–z; ii) 1–x, –3–y, 1–z; iii) 1–x, 3–y, –z; iv) 1–x, 2–y, –z; v) –1/2+x, 5/2–y, z. CShM: 
reference polyhedra SP–4 (square), SPY–5 (square pyramid) and OC–6 (octahedron). 
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All of the {Cu(cyclam)} cationic complexes found in 1–CuW7 are grafted to terminal O 
atoms of the cluster and thus, they act as bridging metal–organic blocks between the POMs, 
showing the typical trans–III configuration. The coordination spheres of all CuII centers show 
distorted octahedral geometries as indicated by continuous shape measures (CShM),91 with 
the four N atoms of the cyclam ligand forming the equatorial plane and the axial positions 
occupied by terminal O atoms from different tungstate octahedra. While all CuN4O2 
chromophores show significant Jahn–Teller elongation, it must be noted that this type of 
distortion is especially remarkable for Cu1A, as one of its axial Cu–O bonds shows a length near 
that of semi–coordination as well as the highest CShM value (Table 3.2).  
 
Figure 3.12. a) View of the crystal packing of 1–CuW7 along the y axis showing W1···W1 distances. b) Hybrid layers 
with approximate dimensions of the channels in the xz plane. Cyclam ligands are omitted for clarity. Color code: W 
(grey), Cu (blue), O (red). Symmetry codes: i) –x, 2–y, 2–z; ii) –x, 3–y, 2–z; iii) 1–x, 2–y, 2–z; iv) –x, 2–y, 1–z. 
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The crystal packing of 1–CuW7 can be described as an extended covalent open–
framework constructed by hybrid layers of {W7} clusters and {Cu(cyclam)} complexes in the xz 
plane, which are connected through the metalorganic moieties generating a 3D covalent 
arrangement with water–containing rhombic–like channels along the y axis (Figures 3.12). 
Thus, each heptatungstate anion is linked to six neighboring clusters, four of them through 
four centrosymmetric complexes (Cu1B, Cu1C, Cu1D and Cu1E) forming the layers (xz plane) 
and the other two acting as bridges between adjacent layers (Cu1A) along the y axis, the 
grafting site of which are exclusively terminal O atoms of the clusters. This arrangement results 
in the generation of hybrid grids with water–filled rhombic–like voids in the xz plane. The 
hybrid grids in 1–CuW7 are covalently linked to each other along the [010] direction by means 
of the non–centrosymmetric Cu1A moiety in such a way that the rhombic–like voids result 
superimposed on each other generating channels parallel to the crystallographic y axis in 
which the H2O molecules are hosted (Figure 3.12a). Thus, the walls of these channels are 
delimited by four {W7O24}6– anions and four {Cu(cyclam)}2+ cationic moieties in alternate 
fashion with approximate cross–section of 10.1 × 9.4 Å2 (distances N1D···N4B and N4C···N4E, 
Figure 3.12b). It is worth mentioning that contiguous clusters within the same layer display an 
alternate disposition in such a way that the long edge of the cluster contained in the mirror 
plane of the V–shaped anion is pointing at either above or below the layer plane. 
 
 
Figure 3.13. Visual representations of the porous framework (left) and that of the total accessible solvent volume 
showing the 2D interconnected system of the channels (right) in 1–CuW7 with the PyMol software. 
The total solvent accessible volume is 1070 Å3 which corresponds to roughly 30% of the 
unit cell volume of 1–CuW7, as calculated using the PLATON software. These cavities show a 
strong bidimensional characters because adjacent channels in the same layer are 
interconnected as seen in the surface representation of the total accessible solvent voids with 
PyMol software (Figure 3.13). Apart from that, a substantial network of C–H···O and N–H···O 
interactions between the metal–organic blocks and the oxygen atoms of the inorganic clusters 
contribute to the overall structural stability of the title compound (Table 3.3). The water 
molecules of hydration also partake in the H–bonding network as some solvent molecules also 
(O12W, O13W and O15W) display a few favorable intermolecular interactions towards the 
organic ligands. 
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Table 3.3. Intermolecular N–H···O and C–H···O interactions  (Å) in 1–CuW7. 
Donor–H···Acceptor D–H H···A D···A D–H···A 
N1A–H1A···O22i 0.98 2.41 3.239(9) 142 
N4A–H4A···O34 0.98 1.77 2.729(8) 164 
N8A–H8A···O13W 0.98 2.01 2.926(10) 156 
N11A–H11A···O67i 0.98 1.89 2.814(9) 156 
C7A–H7AB···O12W 0.97 2.55 3.37(3) 143 
C10A–H10A···O15Wi 0.97 2.55 3.394(13) 145 
C13A–H13A···O12 0.97 2.55 3.376(12) 142 
N1B–H1B···O66ii 0.98 1.87 2.819(8) 164 
N4B–H4B···O11 0.98 2.20 3.149(8) 162 
N4C–H4C···O2iii 0.98 1.86 2.817(10) 165 
C3C–H3CA···O11 0.97 2.34 3.236(12) 153 
C5C–H5CB···O18Wii 0.97 2.55 3.463(13) 157 
N1D–H1D···O9W 0.98 2.06 2.87(2) 139 
N1D–H1D··· O10W 0.98 2.26 3.070(13) 139 
N4D–H4D···O5iv 0.98 2.03 2.962(9) 159 
C3D–H3DA···O17Wv 0.97 2.36 3.26(2) 154 
N1E–H1E···O6 0.98 2.37 3.153(8) 136 
N1E–H1E··· O467 0.98 2.52 3.422(8) 152 
N4E–H4E···O57vi 0.98 1.82 2.789(8) 172 
C3E–H3EA···O6 0.97 2.37 3.115(9) 134 
Symmetry codes: i) x, 1+y, z; ii) –x, 2–y, 2–z; iii) 1–x, 2–y, 2–z; iv) 1–x, 2–y, 1–z; v) 1+x, y, z; vi) –x, 2–y, 1–z. 
SCSC transformations induced by thermal evacuation of solvent molecules 
Even though compound 2–CuW7 also crystallized in the triclinic P–1 space group, 
significant structural modifications were observed as a result of the partial dehydration. The 
SCSC transformation forced contiguous layers to slightly slide in the opposite direction with 
the consequent reduction in the overall symmetry of the crystal, which resulted in the 
duplication of the unit cell content generating a crystallographically independent {WO6} 
polyhedron and a {Cu(cyclam)}2+ moiety for each one found in the parent 1–CuW7. In this 
sense, the asymmetric unit of 2–CuW7 is composed of two heptatungstate fragments (labelled 
as A and B) with twelve {Cu(cyclam)} complexes (Cu1A–Cu1E and Cu2A–Cu2E), eight of them 
located in inversion centers, along with 24 water molecules of hydration.  
Similar to 1–CuW7, the eight bridging {Cu(cyclam)} centrosymmetric moieties present in 
2–CuW7 also display elongated octahedral CuN4O2 coordination geometries with trans–III 
configuration of the ligand and similar bond lengths in general (Table 3.2). However, the non–
centrosymmetric Cu1A and Cu2A moieties became antenna ligands as opposed to their 
bridging role between layers displayed by their related Cu1A in the hydrated phase 1–CuW7, 
as one of their axial position became free after the sliding of the layers, and thus, the 
dimensionality of 2–CuW7 is reduced to a layered covalent arrangement (Figure 3.14). These 
two moieties generate from the Cu1A complex in 1–CuW7 as a result of the migration of half 
Cu1A atoms from W3 to the adjacent W2A octahedron (Cu1A in 2–CuW7) while the other half 
remained linked to the same W7B grafting site (Cu2A in 2–CuW7) as in 1–CuW7. Even though 
their coordination number has been reduced to five, both Cu1A and Cu2A antenna moieties 
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also show the trans–III configuration of the cyclam ligand. All these structural changes resulted 
in the rearrangement of the clusters in such a way that two nearly identical but 
crystallographically independent layers (A and B) that stack alternatively along the y axis are 
generated. In this sense, layer A is composed by A clusters in conjunction with Cu1A–Cu1E 
moieties while layer B contains B cluster and the remaining Cu2A–Cu2E complexes (Figure 
3.14b). Interestingly, the heptatungstate anions in layer A rotated about 40° along the [10–1] 
direction, whereas those in B remained unaltered compared to the parent structure 1–CuW7 
(Figure 3.14a). 
 
Figure 3.14. a) View of the crystal packing of the partially hydrated 2–CuW7 showing W1A···W1A distances and the 
two distinct layers. b) Hybrid layers showing the approximate dimensions of the channels for layer A and layer B. 
Cyclam ligands are omitted for clarity. Color code: W (grey), Cu (blue), O (red). Symmetry codes: i) –x, 3–y, 1–z; ii) –
1+x, 1+y, z; iii) –x, 4–y, 1–z; iv) x, y, –1+z; v) x, –1+y, z; vi) –x, 2–y, 1–z.  
Despite the obvious structural changes promoted by the SCSC transformation in the 
metalorganic complexes, the overall hybrid framework of 2–CuW7 is still highly reminiscent of 
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that described for the parent compound 1–CuW7 because each rhombic–like channel is 
delimited by four {W7} clusters (A or B) and the corresponding centrosymmetric bridging 
moieties, Cu1B–Cu1E for A and Cu2B–Cu2E for B clusters, respectively. Even though they are 
crystallographically different, both channels found in 2–CuW7 are virtually identical in size and 
shape and they show an approximate cross section of 9.8 x 8.8 Å2 (distances N1C···N1E and 
N1B···N1D in layer A and distances N21E···N21C and N21B···N21D in layer B; Figure 3.14b). This 
fact leads to channels that do not form an interconnected system anymore running along the 
crystallographic y axis (Figure 3.15). Compared to 1–CuW7, the partially hydrated phase 
displays a slightly smaller total solvent accessible volume which accounts for the 22% of the 
total volume of the unit cell (1500 Å3). 
 
Figure 3.15. Visual representations of the porous framework (left) and that of the total accessible solvent volume 
showing the monodimensional nature of the channels (right) in 2–CuW7 with the PyMol software. 
The transition from 1–CuW7 to 2–CuW7 also resulted in relevant changes in the cell 
parameters as expected. While the parameters a and c remained nearly constant, b almost 
doubled and consequently the volume of the unit cell doubled as well compared to that of 1–
CuW7 (Table 3.1). Indeed, distances between equivalent W1 atoms in the same layer along the 
z axis remain practically unchanged (W1···W1 = 20.9 and W1B···W1B = 20.5 Å) while a 
significant reduction of ca. 3 Å in the distance between equivalent W1 atoms belonging to 
different layers along the y axis was observed (W1···W1 = 23.3 and W1B···W1B = 20.2 Å), 
indicating that the layers have approached to each other after the partial dehydration (Figures 
3.12–3.14). This porous structure is still held together by several C–H···O and N–H···O contacts, 
the geometrical parameters of which are listed in Table 3.4. Interestingly, the transition from 
bridging units to antenna ligands of the non–centrosymetric Cu1A and Cu2A moieties resulted 
in a significant increase in the overall number of favorable intermolecular contacts compared 
to those observed in the structure of 1–CuW7 and for the other complexes in 2–CuW7. 
When 1–CuW7 is heated to 120 °C, all water molecules of hydration are removed and 
the anhydrous phase 3–CuW7 is obtained which crystallized in the monoclinic P21/a space 
group, as opposed to the previous triclinic hydrated phases. The asymmetric unit of 3–CuW7 is 
composed of two crystallographically independent clusters (A and B) and six {Cu(cyclam)} 
complexes, four of them centrosymmetric (Cu1A, Cu2A, Cu1C and Cu1E) together with the 
remaining non–centrosymmetric (Cu1B, Cu2B, Cu1D and Cu2D) moieties. Despite what the 
TPDX analyses initially suggested, total dehydration brought for drastic changes in the overall 
packing compared to that of 2–CuW7 (Figure 3.16).  
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Table 3.4. Intermolecular N–H···O and C–H···O interactions (Å) in 2–CuW7. 
Donor–H···Acceptor D···A D–H···A Donor–H···Acceptor D···A D–H···A 
N1A–H1A···O5B 3.270(7) 133 N1D–H1D···O23Wiv 3.009(7) 147 
N1A–H1A···O25B 3.364(7) 153 N4D–H4D···O5Aii 2.877(7) 146 
N1A–H1A···O45B 3.121(8) 127 C6D–H6DB···O5Av 3.287(9) 137 
N4A–H4A···O77A 2.954(8) 154 N1E–H1E···O6A 2.951(7) 155 
N8A–H8A···O12A 2.803(8) 153 N4E–H4E···O77A 3.317(8) 139 
N11A–H11A···O421 3.067(8) 163 C2E–H2EA···O77Avi 3.272(8) 148 
C3A–H3AA···O5B 3.299(9) 128 N21A–H21A···O467ii 3.152(7) 162 
C3A–H3AA···O45B 3.202(9) 129 N24A–H24A···O67B 2.768(7) 160 
C6A–H6AA···O67B 3.161(9) 173 N28A–H28A···O22B 3.110(7) 153 
C7A–H7AA···O34B 3.100(9) 139 N31A–H31A···O5Aii 2.890(7) 150 
C9A–H9AB···O13B 3.372(9) 153 N31A–H31A···O45Aii 3.104(7) 126 
C9A–H9AB···O34B 3.341(9) 135 C23A–H23E···O34Aii 3.243(9) 141 
C10A–H10D···O12A 3.303(9) 127 C25A–H25F···O34Aii 3.092(9) 145 
C13A–H13D···O2B 3.442(9) 143 C26A–H26A···O12B 3.192(9) 172 
C13A–H13D···O25B 3.381(9) 152 C32A–H32A···O77B 3.139(9) 124 
C14A–H14D···O22A 3.048(9) 127 C33A–H33B···O57Aii 3.286(9) 167 
N1B–H1B···O66Ai 2.990(8) 160 N21B–H21B···O66Bvii 2.872(8) 162 
N4B–H4B···O11A 2.998(8) 159 N24B–H24B···O11B 3.396(8) 171 
C6B–H6BA···O11A 3.389(9) 138 N21C–H21C···O2B 2.876(7) 160 
C7B–H7BA···O6Wi 3.260(9) 146 C22C–H22G···O11Biii 3.231(9) 153 
C7B–H7BB···O3A 3.459(9) 168 N21D–H21D···O5B 2.926(8) 158 
N1C–H1C···O2Aii 2.939(8) 148 C21D–H21D···O20Wv 3.338(9) 129 
N4C–H4C···O13Aii 3.067(8) 146 C25D–H25D··O18Wv 3.384(10) 141 
C2C–H2CB···O13Aiii 3.244(9) 137 N21E–H21E···O6B 2.979(7) 142 
C3C–H3CB···O2Aii 3.331(9) 127 N24E–H24E···O57B 2.830(8) 154 
C6C–H6CA···O412ii 3.434(9) 155 C22E–H22J···O57Bviii 3.260(9) 132 
C6C–H6CB···O21W 3.416(10) 136 C23E–H23I···O6Bviii 3.267(8) 126 
Symmetry codes: i) 1–x, 2–y, 1–z; ii) x, 1+y, z; iii) –x, 3–y, 1–z; iv) –x, 4–y, 2–z; v) –x, 3–y, 2–z; vi) 1–x, 2–y, 2–z; vii) 1–
x, 3–y, 1–z; viii) 1–x, 3–y, 2–z. 
Thermal evacuation of all solvent molecules triggered a slight rearrangement of the 
POM clusters and Cu(Cyclam) bridging units within each layer in such a way that the straight 
rows of POMs observed in the previous hydrated phases became distorted and thus, adopted 
a laddered disposition along the z axis (Figure 3.16). As opposed to the crystal packing of 2–
CuW7, there are no longer two types of crystallographically independent layers but a single 
one composed of both crystallographically independent A and B clusters. This way, each type 
of cluster is aligned in a zig–zag fashion along the z axis through alternated Cu1B and Cu2D 
complexes in the case of A while Cu2B and Cu1D moieties bridge B clusters. These rows of 
equivalent clusters connect to adjacent rows of the other type by the non–centrosymmetric 
Cu1C and Cu1E bridging moieties and thus, the hybrid covalent grids are formed. This 
connectivity generates two different types of channels with slightly different sizes in the xz 
plane (Figures 3.16b and 3.17), the walls of which are still delimited through the linkage of four 
{W7} clusters (two A and two B clusters) by alternated four {Cu(cyclam)} complexes. 
Specifically, the link between Cu2B, Cu1C, Cu2D and Cu1E moieties generates channel 1 (Ch1) 
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while channel 2 (Ch2) is composed by Cu1B, Cu1C, Cu1D and Cu1E complexes, with 
approximate cross sections of 10.0 x 9.1 Å2 for Ch1 (distances N11C···N11E and  N21B···N21D) 
and 9.2 X 8.6 Å2 for Ch2 (distances N4C···N4E and N1D···N1B), respectively (Figure 3.16b). 
 
Figure 3.16. a) View of the crystal packing of 3–CuW7 along the y axis showing W1B···W1B distances. b) Hybrid 
layers with approximate dimensions of the channels in the xz plane. Cyclam ligands are omitted for clarity. Color 
code: W (grey), Cu (blue), O (red). Symmetry codes: i) 1–x, 2–y, 1–z; ii) 3/2–x, –1/2+y, 1–z; iii) 1/2+x, 5/2–y, z; iv) 1–
x, 2–y, –z; v) x, –1+y, z; vi) 1–x, 2–y, 1–z; vii) 3/2–x, –1/2+y, 1–z. 
The cell parameters also suffered changes as both a and c lattice parameters have 
significantly increased although b remained almost unaltered compared to the unit cell of 2–
CuW7 (Table 3.1). Total rehydration also produced significant differences in the Cu(II) bonding 
of the different complexes compared to those shown by their equivalent moieties 2–CuW7 
compound (Table 3.2). In close analogy to the previous SCSC transformation, half the antenna 
Cu1A and Cu2A moieties found in 2–CuW7 became non–coordinated after separating from 
their grafting sites (W2A and W7B, respectively) adopting a square planar geometry and 
situating in the intralamellar space (Cu1A in 3–CuW7). Similarly, the other half Cu1A and Cu2A 
in 2–CuW7 migrated from their grafting sites (W2A and W7B) to the adjacent W1B octahedron 
and remained as antenna ligands (Cu2A in 3–CuW7) as can be seen in Figures 3.18 and 3.19. 
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Even though Cu1A changed its geometry to a square planar geometry, the ligand still shows 
the trans–III configuration. In spite of these structural changes, the distance between 
equivalent octahedra belonging to adjacent layers remain virtually identical to that found in 2–
CuW7 (W1B···W1B = 20.4 Å) as well as the distance of equivalent octahedra within the layers 
(W1B···W1B = 19.7 Å, Figure 3.16). 
 
Figure 3.17. Visual representation of the porous structure (left) and the total accessible solvent volume (right) in the 
xz plane showing the two different pores in 3–CuW7 with the PyMol software. 
 
Table 3.5. Intermolecular N–H···O and C–H···O interactions (Å) in 3–CuW7. 
Donor–H···Acceptor D···A D–H···A Donor–H···Acceptor D···A D–H···A 
N1A–H1A···O12A 2.81(2) 158 N21A–H21A···O5A 2.961(18) 140 
N4A–H4A···O476i 3.150(19) 154 N21A–H21A···O45A 2.940(17) 139 
N8A–H8A···O34Bi 2.944(18) 140 N24A–H24A···O66A 3.280(18) 139 
N8A–H8A···O36Bi 3.430(18) 146 N28A–H28A···O12B 2.727(19) 163 
N11A–H11A···O77A 3.126(19) 141 N31A–H31A···O467 3.160(18 155 
C2A–H2AB···O57Bi 3.25(3) 169 C27A–H27A···O3A 3.31(3) 146 
C6A–H6AB···O6Bi 3.38(2) 151 C27A–H34A···O34A 3.15(3) 142 
C6A–H6AB···O36Bi 3.38(2) 145 C27A–H27B···O2B 3.29(3) 133 
C7A–H7AA···O22A 3.18(2) 131 C29A–H29A···O36A 3.34(3) 168 
C10A–H10F···O34Bi 3.17(3) 132 C33A–H33A···O57A 3.28(3) 167 
C13A–H13E···O67A 3.30(3) 145 N21B–H21B···O33B 3.139(19) 159 
C14A–H14E···O5Bi 3.21(3) 148 N24B–H24B···O36B 3.077(18) 161 
C14A–H14E···O45Bi 3.26(3) 138 C22B–H24B···O3B 3.31(3) 152 
N1B–H1B···O6A 2.891(18) 165 C26B–H26D···O6B 3.48(3) 156 
N4B–H4B···O11Aii 3.032(18) 168 C26B–H26D···O66B 3.46(3) 141 
N1C–H1C···O2A 3.028(18) 148 C27B–H27D···O3Biii 3.47(3) 145 
N4C–H4C···O13Biv 3.222(17) 138 N1D–H1D···O77Bv 3.396(18) 166 
N4C–H4C···O421iv 3.314(17) 144 N4D–H4D···O2B 2.844(17) 165 
N8C–H8C···O22Biv 2.765(18) 149 N1E–H1E···O67Bvii 3.43(2) 151 
N11C–H11C···O13A 2.854(17) 153 N4E–H4E···O66A 2.923(19) 153 
C2C–H2CB···O13Biv 3.16(2) 143 N8E–H8E···O77A 3.121(18) 147 
C6C–H6CB···O421iv 3.37(3) 148 N11E–H11E···O6Bvii 2.822(18) 157 
C9C–H9CA···O13A 3.20(2) 132 C3E–H3EA···O77Bvii 3.18(3) 150 
C13C–H13B···O412 3.46(3) 155 C7E–H7EA···O7Bvii 3.19(3) 125 
N24D–H24D···O25Avi 2.922(19) 173 C10E–H10C···O77A 3.28(2) 139 
Symmetry codes: i) x, –1+y, z; ii) 1–x, 2–y, 1–z; iii) 1–x, 3–y, –z; iv) 1/2+x, 5/2–y, z; v) 1–x, 3–y, 1–z; vi) 1–x,2–y, –z; 
vii) –1/2+x, 5/2–y, z. 
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Figure 3.18. Comparison between the antenna Cu1A in 2–CuW7 (layer A) and the equivalent Cu1A/Cu2A complexes 
in 3–CuW7: half Cu1A in 2–CuW7 separated from W2A becoming a square planar fragment (Cu1A in 3–CuW7) while 
the other half migrated to an adjacent {WO6} octahedron (from W2A in 2–CuW7 to W1B in 3–CuW7, Cu2A). 
 
Figure 3.19. Comparison between the antenna Cu2A in 2–CuW7 (layer B) and the equivalent Cu1A/Cu2A complexes 
in 3–CuW7: half Cu2A in 2–CuW7 separated from W7B becoming a square planar fragment (Cu1A in 3–CuW7) while 
the other half migrated to an adjacent {WO6} octahedron (from W7B in 2–CuW7 to W1B in 3–CuW7, Cu2A). 
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The anhydrous phase shows a total solvent accessible volume of 2982 Å3 which 
corresponds to a combined value of 22% of the unit cell volume of 3, as calculated using the 
PLATON software (Ch1: 775x2 Å3, 12% and Ch2: 716x2 Å3, 10%), which is the same as that 
observed for 2–CuW7. As opposed to the interconnected channel system found in 1–CuW7, 
the channels in 3–CuW7 remain unconnected just like those seen in the partially hydrated 
intermediate 2–CuW7 (Figure 3.20). The overall number of favorable intermolecular C–H···O 
and N–H···O interactions found in the anhydrous structure of 3–CuW7 has been slightly 
reduced compared to those shown by 2–CuW7 and they are grouped in Table 3.5. 
 
Figure 3.20. Comparison between the crystal packing along the y axis and the hybrid covalent layers in the xz plane 
(left), visual representation of the total accessible solvent volume showing the different type of channels with the 
PyMol software (right) of compounds 1–, 2– and 3–CuW7. Colour code: W (grey), Cu (blue). 
Reversibility of the SCSC transformations 
Regarding the reversibility of the SCSC transformations, 3–CuW7 rapidly reverts back 
to the partially hydrated phase 2–CuW7 in air exposure within one day in open air conditions, 
as confirmed by simultaneous PDX and TGA analyses. Crystalline samples of a freshly prepared 
compound 1–CuW7 were heated at a rate of 2 °C min–1 up to 180 °C, and the so–generated 
anhydrous samples were kept for 1 day in an open container and then heated again at the 
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same rate. The TGA profiles recorded for these anhydrous samples exposed to ambient 
atmosphere for 1 and 30 days are virtually identical and differ significantly from the mass loss 
observed in the initial TGA curve of a freshly prepared batch of 1–CuW7 (Figure 3.21). The 
initial amount of water is 10.29% whereas only a 7.81% is recovered upon exposure to air. This 
value corresponds to 24 water molecules per two clusters (calc. 8.06%), which is in perfect 
agreement with the water molecules determined by single–crystal X–ray diffraction data for 
the intermediate phase. In addition, PXRD measurements carried out after the heating confirm 
that 2–CuW7 does not transform back to 1–CuW7 since the patterns taken at 1 day and 30 
days are virtually the same and coincide with the corresponding simulated patterns of 2–
CuW7. Furthermore, the transition from 2–CuW7 to the parent fully hydrated phase does not 
take place even when crystals of the former are immersed in water for one week. In view of 
these results, we concluded that the anhydrous phase is not able to undergo full rehydration 
but rapidly transforms back to the stable intermediate phase instead, as evidenced by the 
simultaneous PXRD and TGA measurements discussed above, proving that the first SCSC 
transformation is indeed of irreversible nature. Finally, it is worth mentioning that these 
transformations can be followed visually due to the different colors of the crystals which are a 
direct result of the modifications of the coordination sphere of the Cu atoms belonging to the 
complexes for 1–CuW7 and its thermal derivatives (Figure 3.21). 
 
Figure 3.21. Comparison of TGA curves and PXRD patterns on a freshly prepared sample of 1–CuW7 (green) as well 
as dehydrated samples heated to 180 °C and exposed to air moisture for 24 h (purple) and 30 days (blue), indicating 
that the second SCSC is reversible while the the first one is irreversible. 
Gas sorption properties 
Since single–crystal XRD and variable temperature PXRD studies confirmed that our 
hybrid open–framework is indeed a permanent porous compound with channels larger than N2 
and CO2 molecules, we decided to check if it could exhibit gas sorption capacity. The N2 and 
CO2 sorption experiments were carried out on a crystalline sample activated under vacuum at 
120 °C to promote the evacuation of all the water molecules. The sample was identified as 
phase 3–CuW7 on the basis of powder X–ray diffraction (Figure A3.3 in the Appendix). These 
studies indicate that the uptake of both gases takes place, confirming that channels are 
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accessible and fully operatives, which makes our hybrid one of the few POM–based 
compounds to show genuine functions derived from its permanent porosity.92  
The isotherm for the N2 sorption/desorption process at 77.5 K shows a characteristic 
curve for a mesoporous material (Figure 3.22). This behavior can be explained attending to the 
fact that when the adsorbate molecules manage to leave the channels they can accommodate 
in the voids between different grains of the crystalline material, which results in a slight 
increase of the N2 uptake by the host framework. The BET (Brunauer–Emmett–Teller) surface 
area is 62.6 m2 g–1, as calculated from the low pressure region of the N2 sorption isotherm at 
77.5 K. Furthermore, a hysteresis loop is observed upon desorption (starting at P/P0 = 0.60) 
suggesting that N2 molecules do not have enough time to leave the channels because their 
kinetic restrictions arising from the low working temperatures prevent the pressure from 
decreasing.   
 
Figure 3.22. Isotherm for N2 sorption/desorption at 77.5 K along with the fitting of the low pressure region where 
the BET surface area was calculated, as well as type I isotherms for CO2 sorption/desorption at 298, 288 and 273 K. 
Regarding the CO2 sorption properties, gas sorption experiments show a characteristic 
type I isotherms, indicating that our compound is indeed a microporous material (Figure 3.22). 
In this sense, a sudden CO2 uptake can be observed at high relative pressure values (P/P0 = 
0.40) accompanied by a hysteresis loop in the sorption−desorption isotherms at 273 K. 
Compared to the hysteresis observed in N2 isotherms, the loop in the CO2 data was larger, 
suggesting a stronger interaction of CO2 with the components of the hybrid host material. We 
repeated the adsorption experiment at a higher temperature of 288 K and the same sudden 
uptake increase was observed but at much higher values of P/P0 (around 0.80). When the 
isotherm was carried out at 298 K, however, both the increase of the adsorbate volume and 
the consequent hysteresis cycle disappeared. These results can be explained considering the 
rearrangement of the adsorbate molecules at the surface of the host material and the relative 
kinetic energy of the gas molecules due to the different temperatures at which the isotherms 
were recorded. During the adsorption process, some CO2 molecules are randomly deposited 
into the surface of 1–CuW7 until they reach a certain value. At this point, the adsorbate 
molecules rearrange themselves in such a way that they leave free space for other molecules 
to incorporate into the surface and thus, a sudden increase in the adsorbed CO2 volume takes 
place. This occurs when the adsorbate uptake reaches ca. 13 cc g–1, as can be observed in both 
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isotherms at 273 and 288 K. The difference in the P/P0 can be explained taking into account 
the higher adsorption temperature for CO2 in the isotherm measured at 288 K, which confers 
the gas molecules a larger kinetic energy favoring their departure from the pores, and hence, a 
higher pressure is needed to observe the rearrangement of the molecules and the consequent 
increase in their adsorbed volume. This is in complete agreement with the absence of the 
increase in CO2 volume and the hysteresis loop in the isotherms carried out at 298 K. 
Reports on BET data for POM–based crystalline open–framework materials are 
infrequent.92a Searching through the literature only yields a limited number of studies involving 
microporous polyanions which can exhibit functionality in CO2 capture functionality. A 
representative example of one of such compounds could be the 
[Cr3O(OOCCH=CH2)6(H2O)3]3[α–PW12O40] hybrid salt prepared by Mizuno’s group which displays 
shape–selective sorption of CO2 and acetylene over the larger methane and N2 molecules, 
because the minimum pore aperture is comparable to the kinetic diameters of the adsorbate 
gas molecules.93 Compared to our compound, the ionic crystal above shows a slightly lower 
BET surface area of 50 m2 g–1 which can be attributed to its smaller channel apertures 
(approximately 3.3 Å). Various fully inorganic microporous polyoxoanions have also shown CO2 
sorption capabilities. For example, inorganic microporous lattices based on ε–Keggin–type V–
substituted94 and Zn–substituted95 molybdate species were reported by Ueda et al. with 
estimated BET surface areas of 60 and 68 m2 g–1 respectively, which are comparable to that 
calculated for our {W7} hybrid. In the previous chapter, the microporous decavanadate hybrid 
1–CuV10 also exhibited CO2 sorption properties, and compared to our heptatungstate hybrid, 
a significant higher BET surface area of 205 m2 g–1 together with a slightly higher CO2 uptake 
capacity at saturation (25 cc g–1) were observed for the polyoxovanadate. The overall higher 
capacity to adsorb CO2 could be because the open–framework of 1–CuV10 is robust enough to 
maintain its structure upon total removal of guest solvent molecules, as opposed to the 
dynamic one observed for 1–CuW7 which undergoes two SCSC transformations upon 
dehydration instead, reducing the total solvent accessible voids significantly (a decrease of 
around 8% of the total unit cell volume). Nevertheless, this results pale in comparison to those 
recently reported by Wang’s group in the extended (TBA)2[CuII(BBTZ)2(α–Mo8O26)] (BBTZ = 1,4–
bis(1,2,4–triazol–1–ylmethyl)–benzene) hybrid, which exhibits the highest adsorption capacity 
reported for a POM–based hybrid.96  In fact, the CO2 uptake capacity at saturation is 
comparable to the best performing zeolite–like MOFs.97 This octamolybdate open–framework 
possess a three–directional system of intersecting channels, as opposed to the bidimensional 
system found in 1–CuW7 or the parallel channels observed in 2–CuW7 and 3–CuW7. This 
structural feature combined with a total solvent accessible volume of 50% of the total unit cell 
volume (which roughly twice the accessible solvent volume for our compounds), results in a 
remarkable BET surface area of 773 m2 g–1. 
To the best our knowledge, our hybrid compound is the first heptatungstate–based 
crystalline material that undergoes SCSC transformations triggered upon heating. These 
transformations lead to the formation of two new crystalline porous phases upon gradual 
dehydration which exhibit interesting properties like both N2 and CO2 sorption capacities 
derived from the permanent porosity of the hybrid open–framework. 
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3.3 HETEROPOLYOXOTUNGSTATES 
3.3.1 Experimental Section 
Materials and methods 
The trilacunary Keggin salt Na10[α–GeW9O34]·14H2O and the preformed 
Na4K8[{(GeW11O39)Ln(H2O)(μ–CH3COO)}2]·20H2O (Ln = Eu–Er) precursors were synthesized 
following literature methods and identified by FT–IR spectroscopy.98 All other chemicals were 
obtained from commercial sources and used without further purification. Carbon, hydrogen 
and nitrogen contents were determined on a Perkin–Elmer 2400 CHN analyzer. FT–IR spectra 
were obtained as KBr pellets on a SHIMADZU FTIR–8400S spectrometer (Figure A3.4 in the 
Appendix). Thermogravimetric and differential thermal analyses (TGA/DTA) were carried out 
from room temperature to 780 °C at a rate of 5 °C min–1 on a SHIMADZU DTG–60 
thermobalance under a 50 cm3 min–1 flow of synthetic air (Figure A3.5 in the Appendix). 
Powder X–ray diffraction (PXRD) patterns were collected on a Bruker D8 Advance 
diffractometer operating at 30 kV/20 mA and equipped with Cu Kα radiation (λ = 1.5418 Å), a 
Vantec–1 PSD detector, an Anton Parr HTK2000 high–temperature furnace, and Pt sample 
holder (Figures A3.6 in the Appendix). The powder patterns were recorded in 2θ steps of 
0.033° in the 5 ≤ 2θ ≤ 35 range, counting for 0.3 s per step. Data sets were acquired from 30 to 
810 °C every 20 °C with a 0.16 °C s−1 heating rate between temperatures for 1–Ln (Figures 
A3.7–A3.12 in the Appendix). 
Synthetic procedure 
Two different synthetics methods were evaluated: 
Method 1: a mixture of Na10[α–GeW9O34]·14H2O (0.550 g, 0.20 mmol), Ln(NO3)3·XH2O 
(0.10 mmol, Ln = La to Tb, X = 5 or 6) or LnCl3·XH2O (0.10 mmol, Ln = Dy to Lu, x = 5 or 6), 
Cu(CH3COO)2 (0.078 g, 0.40 mmol), cyclam (0.080 g, 0.40 mmol) in 1M CH3COOK/CH3COOH 
buffer solution (15 mL) was stirred for 1 h, transferred to a 50 mL Teflon–lined autoclave, and 
kept at 160 °C for 72 h. After cooling the reaction mixture to room temperature for 48 h, a 
mixture of orange polycrystalline powder (Ln = La to Lu) and plates suitable for XRD diffraction 
(except for Ln = Eu–Er derivatives) were isolated. Crystals were separated for structure 
determination and powder X–ray diffraction experiments together with FT–IR measurements 
confirmed that the polycrystalline fraction was the same phase as that of the corresponding 
crystals in all cases. 
Method 2: this method is similar to method 1 except that 0.10 mmol of the following 
preformed precursors were employed, namely Na4K8[{(GeW11O39)Ln(H2O)(CH3COO}2].16–20 
H2O (Ln = Eu–Er), instead of Na10[α–GeW9O34]·14H2O and the lanthanide source. Single crystals 
suitable for XRD which method 1 could not afford were obtained for mid–to–late 1–Ln 
derivatives (Ln = Eu–Er) in comparable yields as large orange plates. 
[Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)La(H2O)(μ–CH3COO)}2]·18H2O (1–La). 
Method 1: La(NO3)3·6H2O (0.043 mg, 0.10 mmol) was used as lanthanide source and a mixture 
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of orange plates and polycrystalline powder was obtained. Yield: 113 mg (29% based on 
La(NO3)3·6H2O). Anal. Calcd (found) for C64H190Cu6Ge2N24La2O102W22: C, 9.88 (10.03); H, 2.46 
(2.35); N, 4.32 (4.27). IR (cm–1): 3188 (m), 3138 (m), 2935 (m), 2921 (m), 1636 (s), 1547 (m), 
1458 (m), 1429 (m), 1344 (w), 1298 (w), 1247 (w), 1134 (w), 1097 (m), 1068 (m), 1020 (m), 939 
(s), 868 (s), 810 (vs), 779 (sh), 698 (s), 520(m), 462 (m). 
[Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)Ce(H2O)(μ–CH3COO)}2]·18H2O (1–Ce). 
Method 1: Ce(NO3)3·6H2O (0.043 g, 0.10 mmol) was used instead of La(NO3)3·6H2O and a 
mixture of orange plates and polycrystalline powder was obtained. Yield: 114 mg (29% based 
on Ce(NO3)3·6H2O). Anal. Calcd (found) for C64H190Ce2Cu6Ge2N24O102W22: C, 9.88 (9.90); H, 2.46 
(2.31); N, 4.32 (4.22). IR (cm–1): 3184 (m), 3134 (m), 2931 (m), 2872 (m), 1632 (s), 1549 (m), 
1456 (m), 1429 (m), 1344 (w), 1298 (w), 1248 (w), 1136 (w), 1097 (m), 1069 (m), 1022 (m), 937 
(s), 868 (s), 808 (vs), 779 (sh), 698 (s), 519 (m), 463 (m). 
[Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)Pr(H2O)(μ–CH3COO)}2]·17H2O (1–Pr). Method 
1: Pr(NO3)3·6H2O (0.044 g, 0.10 mmol) was used and a mixture of orange plates and 
polycrystalline powder was obtained. Yield: 122 mg (31% based on Pr(NO3)3·6H2O). Anal. Calcd 
(found) for C64H188Ge2Cu6N24O101Pr2W22: C, 9.90 (10.00); H, 2.44 (2.26); N, 4.33 (4.26). IR (cm–1): 
3185 (m), 3134 (m), 2932 (m), 2872 (m), 1636 (s), 1547 (m), 1458 (m), 1429 (m), 1344 (w), 
1298 (w), 1248 (w), 1136 (w), 1098 (m), 1069 (m), 1022 (m), 937 (s), 868 (s), 808 (vs), 779 (sh), 
694 (s), 519 (m), 463 (m). 
[Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)Nd(H2O)(μ–CH3COO)}2]·18H2O (1–Nd). 
Method 1: Nd(NO3)3·6H2O (0.044 g, 0.10 mmol) was used and a mixture of orange plates and 
polycrystalline powder was obtained. Yield: 110 mg (28% based on Nd(NO3)3·6H2O). Anal. Calcd 
(found) for C64H190Ge2Cu6N24Nd2O102W22: C, 9.87 (10.01); H, 2.46 (2.32); N, 4.32 (4.31). IR (cm–
1): 3185 (m), 3134 (m), 2932 (m), 2872 (m), 1630 (s), 1547 (m), 1458 (m), 1429 (m), 1344 (w), 
1298 (w), 1248 (w), 1138 (w), 1097 (m), 1069 (m), 1022 (m), 937 (s), 868 (s), 808 (vs), 779 (sh), 
694 (s), 519 (m), 463 (m). 
[Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)Sm(H2O)(μ–CH3COO)}2]·19H2O (1–Sm). 
Method 1: Sm(NO3)3·6H2O (0.044 g, 0.10 mmol) was used and a mixture of orange plates and 
polycrystalline powder was obtained. Yield: 111 mg (28% based on Sm(NO3)3·6H2O). Anal. 
Calcd (found) for C64H192Cu6Ge2N24O103Sm2W22: C, 9.83 (9.98); H, 2.47 (2.49); N, 4.30 (4.28). IR 
(cm–1): 3186 (m), 3134 (m), 2933 (m), 2874 (m), 1638 (s), 1545 (m), 1458 (m), 1431 (m), 1346 
(w), 1298 (w), 1248 (w), 1138 (w), 1097 (m), 1069 (m), 1022 (m), 939 (s), 868 (s), 810 (vs), 779 
(sh), 698 (s), 520 (m), 461 (m). 
[Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)Eu(H2O)(μ–CH3COO)}2]·17H2O (1–Eu). 
Method 1: Eu(NO3)3·5H2O (0.43 g, 0.10 mmol) was used and a mixture of orange plates and 
polycrystalline powder was obtained. Yield: 115 mg (30% based on Eu(NO3)3·5H2O). Method 2: 
Na4K8[{(GeW11O39)Eu(H2O)(μ–CH3COO)}2] 20H2O (0.800 g, 0.10 mmol) was used and 1–Eu was 
obtained as large orange plates. Yield: 60 mg (8% based on precursor). Anal. Calcd (found) for 
C64H188Cu6Eu2Ge2N24O101W22: C, 9.87 (9.90); H, 2.43 (2.31); N, 4.31 (4.22). IR (cm–1): 3185 (m), 
3134 (m), 2924 (m), 2872 (m), 1630 (s), 1545 (m), 1458 (m), 1426 (m), 1342 (w), 1298 (w), 
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1248 (w), 1138 (w), 1097 (m), 1069 (m), 1022 (m), 937 (s), 866 (s), 810 (vs), 779 (sh), 692 (s), 
519 (m), 463 (m). 
[Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)Gd(H2O)(μ–CH3COO)}2]·18H2O (1–Gd). 
Method 1: Gd(NO3)3·6H2O (0.045 g, 0.10 mmol) was used and a mixture of orange plates and 
polycrystalline powder was obtained. Yield: 112 mg (29% based on Gd(NO3)3·6H2O). Method 2: 
Na4K8[{(GeW11O39)Gd(H2O)(μ–CH3COO)}2] 20H2O (0.800 g, 0.10 mmol) was used and 1–Gd was 
obtained as large orange plates. Yield: 54 mg (7% based on precursor). Anal. Calcd (found) for 
C64H190Cu6Gd2Ge2N24O102W22: C, 9.84 (9.74); H, 2.45 (2.33); N, 4.30 (4.17). IR (cm–1): 3185 (m), 
3134 (m), 2932 (m), 2872 (m), 1636 (s), 1552 (m), 1456 (m), 1429 (m), 1346 (w), 1298 (w), 
1248 (w), 1138 (w), 1097 (m), 1068 (m), 1022 (m), 939 (s), 868 (s), 810 (vs), 781 (sh), 698 (s), 
519 (m), 465 (m). 
[Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)Tb(H2O) (H2O)(μ–CH3COO)}2]·18H2O (1–Tb). 
Method 1: Tb(NO3)3·5H2O (0.044 g, 0.10 mmol) was used and a mixture of orange plates and 
polycrystalline powder was obtained. Yield: 102 mg (26% based on Tb(NO3)3·6H2O). Method 2: 
Na4K8[{(GeW11O39)Tb(H2O)(μ–CH3COO)}2] 18H2O (0.800 g, 0.10 mmol) was used and 1–Tb was 
obtained as large orange plates. Yield: 50 mg (6% based on precursor) Anal. Calcd (found) for 
C64H190Cu6Ge2N24O102Tb2W22: C, 9.83 (9.63); H, 2.45 (2.30); N, 4.30 (4.15). IR (cm–1): 3185 (m), 
3134 (m), 2929 (m), 2872 (m), 1630 (s), 1555 (m), 1458 (m), 1431 (m), 1341 (w), 1298 (w), 
1248 (w), 1138 (w), 1098 (m), 1069 (m), 1022 (m), 940 (s), 868 (s), 812 (vs), 781 (sh), 698 (s), 
519 (m), 465 (m). 
[Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)Dy(H2O)(μ–CH3COO)}2]·18H2O (1–Dy). 
Method 1: DyCl3·6H2O (0.038 g, 0.10 mmol) was used and a mixture of orange plates and 
polycrystalline powder was obtained. Yield: 108 mg (28% based on DyCl3·6H2O). Method 2: 
Na4K8[{(GeW11O39)Dy(H2O)(μ–CH3COO)}2] 16H2O (0.800 g, 0.10 mmol) was used and  1–Dy was 
obtained as large orange plates. Yield: 48 mg (6% based on precursor). Anal. Calcd (found) for 
C64H190Cu6Dy2Ge2N24O102W22: C, 9.82 (9.54); H, 2.45 (2.30); N, 4.30 (4.17). IR (cm–1): 3185 (m), 
3136 (m), 2933 (m), 2874 (m), 1630 (s), 1555 (m), 1458 (m), 1431 (m), 1346 (w), 1298 (w), 
1263 (w), 1248 (w), 1097 (m), 1069 (m), 1022 (m), 939 (s), 868 (s), 812 (vs), 781 (sh), 700 (s), 
519 (m), 465 (m). 
[Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)Ho(H2O)(μ–CH3COO)}2]·19H2O (1–Ho). 
Method 1: HoCl3·6H2O (0.038 g, 0.10 mmol) was used and polycrystalline powder was 
obtained. Yield: 102 mg (26% based on HoCl3·6H2O). Method 2: Na4K8[{(GeW11O39)Ho(H2O)(μ–
CH3COO)}2] 18H2O (0.800 g, 0.10 mmol) was used and 1–Ho was obtained as large orange 
plates. Yield: 46 mg (6% based on precursor). Anal. Calcd (found) for 
C64H192Cu6Ge2Ho2N24O103W22: C, 9.82 (9.72); H, 2.45 (2.50); N, 4.29 (4.17). IR (cm–1): 3185 (m), 
3136 (m), 2932 (m), 2874 (m), 1636 (s), 1555 (m), 1458 (m), 1431 (m), 1346 (w), 1298 (w), 
1248 (w), 1138 (w), 1097 (m), 1069 (m), 1022 (m), 939 (s), 868 (s), 814 (vs), 781 (sh), 698 (s), 
520 (m), 465 (m). 
[Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)Er(H2O)(μ–CH3COO)}2]·18H2O (1–Er). Method 
1: ErCl3.5H2O (0.038 g, 0.10 mmol) was used and a polycrystalline powder was obtained. Yield: 
117 mg (30% based on ErCl3.5H2O). Method 2: Na4K8[{(GeW11O39)Er(H2O)(μ–CH3COO)}2] 18H2O 
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(0.800 g, 0.10 mmol) was used and 1–Er was obtained as large orange plates. Yield: 45 mg (6% 
based on precursor). Anal. Calcd (found) for C64H190Cu6Er2Ge2N24O102W22: C, 9.79 (9.76); H, 2.47 
(2.34); N, 4.28 (4.18). IR (cm–1): 3185 (m), 3134 (m), 2934 (m), 2874 (m), 1630 (s), 1555 (m), 
1466 (m), 1431 (m), 1346 (w), 1298 (w), 1248 (w), 1138 (w), 1097 (m), 1069 (m), 1022 (m), 939 
(s), 868 (s), 813 (vs), 781 (sh), 700 (s), 519 (m), 467 (m). 
[Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)Tm(H2O)(μ–CH3COO)}2]·18H2O (1–Tm). 
Method 1: TmCl3.6H2O (0.038 g, 0.10 mmol) was used and a mixture of orange plates and 
polycrystalline powder was obtained. Yield: 111 mg (28% based on TmCl3.6H2O). Anal. Calcd 
(found) for C64H190Cu6Ge2N24O102Tm2W22: C, 9.80 (9.86); H, 2.44 (2.32); N, 4.29 (4.18). IR (cm–
1): 3183 (m), 3134 (m), 2931 (m), 2872 (m), 1636 (s), 1558 (m), 1456 (m), 1429 (m), 1346 (w), 
1298 (w), 1248 (w), 1136 (w), 1098 (m), 1069 (m), 1022 (m), 939 (s), 868 (s), 812 (vs), 781 (sh), 
698 (s), 519 (m), 459 (m). 
[Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)Yb(H2O)(μ–CH3COO)}2]·18H2O (1–Yb). 
Method 1: YbCl3.6H2O (0.039 g, 0.10 mmol) was used and a mixture of orange plates and 
polycrystalline powder was obtained. Yield: 114 mg (29% based on TmCl3.6H2O). Anal. Calcd 
(found) for C64H190Cu6Ge2N24O102W22Yb2: C, 9.80 (9.88); H, 2.44 (2.38); N, 4.28 (4.19). IR (cm–1): 
3183 (m), 3134 (m), 2932 (m), 2872 (m), 1636 (s), 1558 (m), 1456 (m), 1429 (m), 1346 (w), 
1298 (w), 1250 (w), 1138 (w), 1098 (m), 1069 (m), 1024 (m), 939 (s), 868 (s), 814 (s), 783 (sh), 
698 (s), 519 (m), 453 (m). 
[Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)Lu(H2O)(μ–CH3COO)}2]·17H2O (1–Lu). 
Method 1: LuCl3.6H2O (0.039 g, 0.10 mmol) was used and a mixture of orange plates and 
polycrystalline powder was obtained. Yield: 101 mg (26% based on LuCl3.6H2O) Anal. Calcd 
(found) for C64H188Cu6Ge2Lu2N24O101W22: C, 9.82 (9.96); H, 2.42 (2.27); N, 4.29 (4.30). IR (cm–1): 
3183 (m), 3132 (m), 2930 (m), 2872 (m), 1636 (s), 1558 (m), 1456 (m), 1429 (m), 1346 (w), 
1298 (w), 1250 (w), 1138 (w), 1098 (m), 1068 (m), 1023 (m), 938 (s), 866 (s), 815 (s), 770 (sh), 
696 (s), 519 (m), 457 (m). 
[{Cu(cyclam)}6{(α–GeW11O39)Ln(H2O)(μ–CH3COO)}2]·4H2O (2–Ln, Ln = Eu, Er): Single 
crystals of 1–Ln were heated at 110 °C in an oven for one hour. 
[Cu(cyclam)]0.5[{Cu(cyclam)}5.5{(α–GeW11O39)Ln(μ–CH3COO)}2] (3–Ln, Ln = Ce, Eu): 
Single crystals of 1–Ln were heated at 180 °C in an oven for one hour. 
Single–crystal X–ray crystallography 
Crystallographic data for the initial compounds 1–Ln (Ln = La to Lu), the partially 
dehydrated intermediates 2–Ln (Ln = Eu, Er) and the anhydrous phases 3–Ln (Ln = Ce, Eu) are 
given in Tables 3.6‒3.8 whereas those regarding the fully rehydrated phases 1R–Ln (Ln = Ce, 
Eu, Er) can be found in Table A3.1 in the Appendix. Intensity data were collected on an Agilent 
Technologies Super–Nova diffractometer, which was equipped with monochromated Cu Kα 
radiation (λ = 1.54184 Å) and Atlas CCD detector in all cases with the exception of 1–Eu and 1–
Tb. For the latter, the partially dehydrated 2–Er and 2–Eu as well as the anhydrous 3–Ce and 
3–Eu and the rehydrated phases 1R–Eu and 1R–Er, the selected radiation and detector were 
monochromated Mo Kα radiation (λ = 0.71073 Å) and Eos CCD, respectively. The data 
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collection temperature was 100 K for all 1–Ln and 1R–Ln. In the case of 2–Eu, a single crystal 
was heated in an oven to 383 K at a rate of 1 K min–1, and immediately afterwards covered 
with Paratone® oil and placed under the N2 stream of the diffractometer, which was ready to 
perform a full data collection at 100 K. For the anhydrous 3–Ln (Ln = Ce, Eu) as well as 2–Er the 
same procedure was applied but they were heated to 433 K instead. For the rehydrated 
samples (1R–Ln), the same heating process to 433 K was employed but we waited a full day 
before performing the data acquisition to assure full rehydration. Thermal vibrations were 
treated anisotropically for heavy atoms (W, Ln, Cu, Ge) in all structures. Hydrogen atoms of the 
organic ligands were placed in calculated positions and refined using a riding model with 
standard SHELXL parameters. Several positions suitable for water molecules of hydration were 
located in the Fourier maps of 1–Ln, 2–Ln and 1R–Ln compounds and their occupancy was 
initially refined without restrictions. The resulting total number of 8.3–9.5 (1–Ln), 7.7–8.0 (1R–
Ln) and 4.0 (2–Ln) water molecules of hydration per Keggin subunit was fixed to 8.5–9.5, 8.0 
and 4.0 respectively, during the final refinements. Data acquisition, structure solving and 
geometrical calculations were performed using the same software mentioned in the first 
section for the isopolyoxotungstate derivatives. 
Table 3.6. Crystallographic data for 1–Ln hybrid heteropolyoxotungstates (Ln = La–Eu). 














fw (g mol–1) 7777.34 7779.76 7763.32 7787.99 7818.22 7785.42 
crystal system triclinic triclinic triclinic triclinic Triclinic triclinic 
space group P–1 P–1 P–1 P–1 P–1 P–1 
T (K) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 
a (Å) 13.5867(3) 13.5968(3) 13.5947(2) 13.6064(3) 13.6266(7) 13.5580(3) 
b (Å) 13.8341(3) 13.8641(3) 13.8564(2) 13.8468(3) 13.8921(6) 13.8266(3) 
c (Å) 23.2032(5) 23.1308(4) 23.0964(4) 23.0559(5) 22.9645(10) 22.9904(6) 
 () 92.3404(17) 92.4830(16) 92.5406(13) 92.5406(16) 92.476(3) 92.667(2) 
 () 99.5031(17) 99.6151(18) 99.6878(15) 99.8360(16) 100.153(4) 99.921(2) 
 () 110.1147(19) 110.184(2) 110.1352(15) 110.0390(17) 109.931(4) 110.057(2) 
V (Å3) 4016.58(14) 4010.96(14) 4001.93(11) 3995.96(14) 3997.7(3) 3961.79(17) 
calc (g cm–3) 3.215 3.221 3.221 3.236 3.247 3.263 
Kα (Å) 1.54184 1.54184 1.54184 1.54184 1.54184 0.71073 
 (mm–1) 34.344 34.661 35.006 35.347 35.899 17.932 
collected reflns 31563 31190 30174 30436 27547 27080 
unique reflns (Rint) 14315 (0.056) 14298 (0.059) 14256 (0.047) 14248 (0.033) 14237 (0.066) 13965 (0.034) 
obsd reflns [I > 2(I)] 12960 12415 12903 13553 12288 11766 
parameters 537 541 526 532 549 530 
R(F)a [I > 2(I)] 0.057 0.048 0.049 0.036 0.055 0.039 
wR(F2)b [all data] 0.158 0.129 0.135 0.093 0.151 0.090 
GoF 1.061 1.029 1.049 1.042 1.030 1.059 
a R(F)=Σ||Fo–Fc||/Σ|Fo|;  b wR(F2)={Σ[w(Fo2–Fc2)2]/Σ[w(Fo2)2]}1/2 
Regarding the partially hydrated structures (2–Eu and 2–Er), the occupation of all C, N, 
and Cu atoms belonging to the two disordered Cu1B and Cu1C complex moieties were initially 
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refined with free occupancy resulting in virtually identical occupancy and thus, all of them 
were fixed to 0.50. No H atoms were placed in any of the disordered ligands (B and C). 
Numerous restriction had to be applied involving Cu–N and N–C distances as well as N–Cu–N 
angles in order to modelize the strong B–C disorder. A few distance and angle restrictions were 
also necessary in the Cu1D complex for the ligand to show the appropriate connectivity, and as 
a result, we could not place any H atoms in the C2D and C14D carbon atoms of the organic 
ligand. It is worth mentioning that while the B–C disorder in 2–Eu could be modelized well, the 
Cu1C complex in 2–Er could not despite our efforts. In close analogy to the 2–Ln, the 
occupation of all C, N, and Cu atoms belonging to the four disordered Cu1B, Cu1C, Cu2B and 
Cu2C moieties in the anhydrous 3–Ln (Ln = Ce, Eu) were initially refined with free occupancy 
resulting in virtually identical occupancy and thus, all of them were fixed to 0.50.  
 
Table 3.7. Crystallographic data for 1–Ln hybrid heteropolyoxotungstates (Ln = Gd–Tm). 














fw (g mol–1) 7814.01 7817.35 7824.51 7847.40 7834.03 7837.37 
crystal system triclinic triclinic triclinic triclinic Triclinic triclinic 
space group P–1 P–1 P–1 P–1 P–1 P–1 
T (K) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 
a (Å) 13.6058(3) 13.5799(4) 13.5812(2) 13.6372(4) 13.6108(4) 13.6150(3) 
b (Å) 13.8465(3) 13.8263(4) 13.82489(16) 13.8817(4) 13.8628(3) 13.8513(3) 
c (Å) 22.9325(5) 22.9456(7) 22.9028(3) 22.9016(6) 22.8601(5) 22.8390(4) 
 () 92.6299(18) 92.643(2) 92.6518(11) 92.556(2) 92.7378(19) 92.7860(15) 
 () 99.9501(17) 100.113(2) 100.0425(13) 100.143(2) 100.061(2) 100.1276(16) 
 () 110.011(2) 109.968(3) 109.9715(13) 109.958(3) 110.005(2) 110.0238(17) 
V (Å3) 3972.62(16) 3960.1(2) 3953.56(10) 3985.66(19) 3963.69(18) 3956.02(14) 
calc (g cm–3) 3.266 3.278 3.286 3.269 3.282 3.290 
Kα (Å) 1.54184 0.71073 1.54184 1.54184 1.54184 1.54184 
 (mm–1) 35.967 18.042 35.771 32.330 32.602 32.797 
collected reflns 31164 26922 33678 34858 30567 30197 
unique reflns (Rint) 14156 (0.065) 13956 (0.038) 16237 (0.070) 16365 (0.070) 14114 (0.040) 14104 (0.051) 
obsd reflns [I > 2(I)] 12484 11394 14172 13473 12701 12587 
parameters 537 533 525 539 540 532 
R(F)a [I > 2(I)] 0.062 0.038 0.070 0.061 0.041 0.032 
wR(F2)b [all data] 0.185 0.088 0.215 0.175 0.103 0.078 
GoF 1.039 1.053 1.039 1.039 1.103 1.023 
a R(F)=Σ||Fo–Fc||/Σ|Fo|;  b wR(F2)={Σ[w(Fo2–Fc2)2]/Σ[w(Fo2)2]}1/2 
Similar to the previous structures, the collected data for the rehydrated samples (1R–Ce, 
1R–Eu and 1R–Er) was not of enough quality for all the ligands to show the correct 
connectivity and thus, their refinements required several restriction regarding Cu–N and N–C 
distances as well as N–Cu–N angles. These measures allowed us to solve the structures of 1R–
Eu and 1R–Er correctly. Unfortunately, this was not the case for 1R–Ce due to the significantly 
inferior quality of the collected data for the latter compared to the formers. This fact 
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prevented us from placing all H atoms belonging to the Cu1D ligand and hence, C12D and 
C13D atoms do not carry any H atoms. In addition, the structures of 1R–Ln are one (1R–Eu) 
and two (1R–Ce, 1R–Er) water molecules short compared to the corresponding 1–Ln 
structures, but TGA analyses demonstrated that they have the same amount of water. It is 
worth mentioning that the largest residual peaks are located close to the addenda atoms in 
the final difference maps of all the structures. In some compounds however, we have 
experienced notable difficulties with absorption effects and high residual peaks in some 
compounds. This can be explained attending to the fact that large residual peaks in the final 
difference maps are a common problem encountered in the solution and refinement of POWs 
structures due to the higher adsorption of W addenda centers compared to V and Mo 
analogues.99 
Table 3.8. Crystallographic data for 1–Ln, 2–Ln and 3–Ln hybrid heteropolyoxotungstates. 














fw (g mol–1) 7845.6 7831.4 7551.21 7581.81 7419.44 7442.95 
crystal system triclinic triclinic triclinic triclinic triclinic triclinic 
space group P–1 P–1 P–1 P–1 P–1 P–1 
T (K) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 
a (Å) 13.6180(3) 13.5580(2) 12.9784(4) 12.9188(3) 12.9244(3) 12.9511(3) 
b (Å) 13.8455(3) 13.8181(2) 13.7387(6) 13.7285(4) 25.1300(3) 25.2030(6) 
c (Å) 22.8414(5) 22.8696(4) 23.4443(6) 23.3071(7) 23.8354(5) 23.7355(6) 
 () 92.8040(18) 92.6585(15) 94.068(3) 94.426(3) 70.522(2) 70.616(2) 
 () 100.0329(16) 99.9826(14) 103.968(2) 104.146(2) 85.939(2) 85.658(2) 
 () 110.0315(19) 109.8052(15) 112.939(4) 112.862(3) 87.5180(10) 87.387(2) 
V (Å3) 3956.75(14) 3944.43(12) 3671.6(2) 3624.25(19) 7278.5(2) 7285.6(3) 
calc (g cm–3) 3.293 3.281 3.415 3.474 3.385 3.393 
Kα (Å) 1.54184 1.54184 0.71073 0.71073 0.71073 0.71073 
 (mm–1) 32.876 33.174 19.338 19.883 19.268 19.485 
collected reflns 30174 30522 26508 24265 69823 68558 
unique reflns (Rint) 14090 (0.041) 14066 (0.042) 12931 (0.061) 12756 (0.038) 28576 (0.066) 28536 (0.058) 
obsd reflns [I > 2(I)] 12394 12960 10241 10112 20552 21196 
parameters 532 526 548 544 1101 1101 
R(F)a [I > 2(I)] 0.039 0.051 0.065 0.062 0.072 0.058 
wR(F2)b [all data] 0.100 0.135 0.167 0.152 0.202 0.125 
GoF 1.037 1.025 1.018 1.050 1.031 1.076 
a R(F)=Σ||Fo–Fc||/Σ|Fo|;  b wR(F2)={Σ[w(Fo2–Fc2)2]/Σ[w(Fo2)2]}1/2 
3.3.2. RESULTS AND DISCUSSION 
Synthesis 
Transition metal (TM) and lanthanide (Ln) containing species have attracted an 
increasing attention over the years owing to their potential applications in catalysis, molecular 
adsorption, and magnetism, as well as their intriguing architectures and topologies and hence, 
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the preparation of such compounds has become an important research focus in POM 
chemistry.100,101 Compared to the relatively weak activity of TM centers, the higher oxophilic 
reactivity of the Ln cations towards the POM clusters tend to lead to amorphous precipitates in 
synthetic systems involving the three TM–Ln–{XW} components. One valid approach to 
overcome this challenge is the hydrothermal method, since it has proven to be an 
extraordinary synthetic technique for the preparation of several POM–based hybrids.100 
Indeed, the high temperatures and pressures increase the solubility of the reactants, facilitate 
the incorporation of various organic components into inorganic frameworks and also favors 
the formation of metastable phases that can be then captured and stabilized by TM or Ln 
cations. These features make possible the preparation of hybrids otherwise difficult or even 
impossible to obtain with traditional synthetic methods. In this chapter, the entire series of 
Cu–Ln {GeW}–based heterometallic hybrids (La to Lu) were synthesized using two different 
methods under hydrothermal conditions (Figure 3.23). Method 1 involves the use of the 
trilacunary Na10[α–GeW9O34] precursor with Ln(III) cations and the in situ prepared 
{Cu(cyclam)} complex in 1M KOAc/HAc medium. With this first method, we conveniently 
accessed the entire compound series (Ln = La to Lu) with a common synthetic protocol. 
Unfortunately, this method did not yield XRD–quality single crystals for some mid–to–late 1–Ln 
(Ln = Eu to Er) derivatives. This problem was solved by using the preformed precursor (method 
2), Na4K8[{(α–GeW11O39)Ln(μ–CH3COO)(H2O)}2]·16–20H2O (Ln = Eu–Er), although the observed 
yields were ca. 4 times lower than those observed following method 1. 
 
Figure 3.23. Schematic representation of the synthetic hydrothermal approach for the preparation of 1–Ln hybrids. 
Since 1–Ln compounds contain two monolacunary fragments instead of the starting 
trilacunary [α–GeW9O34]10– precursor, we attempted to prepare 1–Ln compounds under similar 
hydrothermal conditions, but using K8[α–GeW11O39] synthetized as reported.98a These reactions 
only lead to brownish precipitates that did not correspond to pure 1–Ln, as shown in their 
respective PXRD patterns and FT–IR spectra. Likewise, similar results were obtained starting 
with both GeO2 and Na2WO4 or the plenary [GeW12O40]4– precursor. These facts suggested that 
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the transformation from {α–GeW9} to {α–GeW11} plays an important role in the formation of 
1–Ln. Besides, it is worth mentioning that the reaction does not take place if 1M or 0.5M 
NaOAc/HAc buffer or water is used instead of the potassium buffer under the same 
hydrothermal conditions, proving that even if they are absent from the structure, K+ cations 
must play a key role in the formation of 1–Ln compounds. This conclusion is further reinforced 
by the fact that 1–Ln compounds could not be isolated in more diluted 0.5M KOAC/HAc 
medium starting with neither of the precursors. Isolation of these compounds also depends 
heavily on the nature of the transition metal. We tried to prepare analogous compounds with 
similar hydrothermal reactions following both methods but using CoII, NiII and ZnII instead of 
CuII. The resulting amorphous red–brownish, greenish and white precipitates could not be 
further characterized confirming that the plasticity of the CuII centers seems to play a key role 
in the formation of 1–Ln. In addition, we also try to verify if 1–Ln compounds could be isolated 
under bench conditions. Similar reactions following both methods were performed from room 
temperature up to reflux conditions but they only led to mixtures of some Peacock–Weakley 
1:2 type hybrids {Ln(α–GeW11O39)2} instead, which will be reported elsewhere and will not be 
covered in this dissertation. 
Finally, we also attempted to explore the effect of the heteroatom X in our products by 
replacing the {α–GeW9} with {α–SiW9} and {α–PW9} analogous precursors. Similar 
hydrothermal syntheses following method 1 were carried out using the silico– and 
phosphotungstate trilacunary precursors, prepared as described in the literature.98a 
Interestingly enough, while the reactions involving Cu–Ln–{PW} synthetic system only yielded 
amorphous precipitates that could not be further characterized, single crystals of some 
derivatives of the Cu–Ln–{SiW} were obtained, which were revealed to be isostructural to 1–Ln 
compounds. The latter will not be covered within this dissertion. 
Vibrational characterization and thermostructural behaviour of 1–Ln 
Compounds 1–Ln (Ln = La to Lu) were preliminary characterized using FT–IR 
spectroscopy. The FT–IR spectra are clearly divided into two regions, the metalorganic one 
above 1000 cm–1 and the inorganic region below this wavenumber, all of them displaying 
characteristic vibration patterns derived from the Keggin framework (Figure A3.4 in the 
Appendix). Regarding the metal–organic region of the FT–IR spectra, the peaks associated with 
the stretching of the –N–H and –C–H bonds are respectively observed at 3229–3165 and 2936–
2878 cm–1, whereas several weak to medium signals corresponding to the δ(C–H) and ν(N–C) 
vibration modes are also present in the 1474–1236 and 1105–1008 cm–1 ranges (Figure 3.24). 
These signals confirm the presence of the cyclam ligands in our compounds. Besides, various 
distinct stretching frequencies can be observed in the spectral range of 1429–1550 cm–1 which 
were assigned to νas(C=O) and νas(C–O) vibrations of the acetate bridging ligands in the (η2–μ–
1,1) coordination mode. Four distinct vibration bands attributable to ν(W–Ot), ν(Ge–Oc), ν(W–
Ov) and ν(W–Oe) (t= terminal, c= central, v= vertex–sharing and e= edge sharing) can be 
observed in the low–wavenumber region at around 938, 868, 808 and 694 cm–1, respectively. 
The last signals correspond to δ(W–Oe–W) as well as δ(W–Ov–W) and δ(Ge–O–Ge) vibration 
modes at ca. 520 and 463 cm–1, respectively. The FT–IR spectra of 1–Ln closely resembles that 
of the {α–GeW11O39} cluster, indicating that they contain the monovacant Keggin type 
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fragments in their skeletons. Compared to the FT–IR spectrum of {α–GeW11O39}, the ν(W–Ot) 
vibration bands are almost not shifted whereas the ν(W–Oe) and ν(W–Ov) bands shift to 
slightly lower wavenumber values, the possible mayor reason for which could be the distortion 
of the {GeW11O39} fragments due to the incorporation of the LnIII atom to the vacant site. As 
expected, the inorganic region of the spectra of the precursors used in method 2 are virtually 
identical to those seen for the 1–Ln compounds (Figure 3.25). 
 
Figure 3.24. FT–IR spectra of 1–Eu derivative highlighting the bands originating from each subunit. 
 
Thermal stability of compounds 1–Ln (Ln = La to Lu) was investigated by TGA/DTA 
experiments. In all cases, thermal decomposition occurred in three stages which show nearly 
identical profiles (Figures 3.26 and A3.5 in the Appendix). The first stage is observed as an 
endothermic mass loss that extends from room temperature to temperatures around 150–160 
°C, which originates from the release of all hydration/coordination water molecules. The mass 
loss corresponds to 19–21 water molecules (calcd. 4.38 to 4.85%; found 4.28 to 4.65%) along 
the series. Dehydration leads to the corresponding anhydrous phases, which show a significant 
range of thermal stability up to ca. 250–270 °C. Above this temperature, the anhydrous phases 
undergo further decomposition via various overlapping mass loss stages of exothermic nature 
due to the combination of the organic ligands combustion and crumbling of the dimeric Keggin 
frameworks. The overall mass loss for this stage is in good agreement with six cyclam and two 
acetate ligands (calcd. for 3C10H24N4 + 2C2H3O2 16.80 to 16.95%; found 16.52 to 16.69%) in all 
cases. The final residue (calcd. for Cu6Ge2Ln2O78W22 78.13 to 78.73%; found 78.76 to 79.25%) is 
obtained at temperatures above ca. 610–630 °C. 
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Figure 3.25. Details of the low–wavenumber region of the FT–IR spectra of 1–Eu compared to those of the 
monolacunary {GeW11} and the preformed precursor used in method 2. 
The experimental PXRD patterns of 1–Ln are in good agreement with the 
corresponding simulated ones from the single crystal XRD data suggesting a good phase purity 
(Figures 3.26 and A3.5 in the Appendix). The slight differences in intensity between them could 
be a result of a variation in preferred orientation of the powder sample during the 
| Chapter 3 
 132 
measurements. TPXRD experiments between room temperature and 630 °C show that 1–Ln 
retain crystallinity upon dehydration up to ca. 270–300 °C approximately (Figures 3.26 and 
A3.7‒A3.12 in the Appendix), which is consistent with the above observations on the 
corresponding TGA curves. Notable variations in the positions of some diffraction maxima can 
be found in some less intense peaks at around 2θ values in the range 8–10° and 23–27° 
starting at ca. 70–90 °C, which suggest that the gradual dehydration process is accompanied by 
a thermally activated phase transition (2–Ln). Similarly, the TPXRD patterns are substantially 
modified from 130–150 to 250–290 °C (at which all water molecules of hydration are released 
according to the TGA curves) indicating that yet another phase transformations occurs (3–Ln), 
as can be seen in some of the diffraction maxima highlighted in Figure 3.26. 
 
Figure 3.26. Variable–temperature PXRD patterns (TPXRD) from room temperature to 630 °C of 1–Er derivative with 
details along with the TGA curve and digital photographs of the hydrated and anhydrous phase. Comparison 
between the experimental (Method 1 and 2) and simulated PXRD patterns for 1–Er are also shown. 
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After that, the crystalline anhydrous phase (3–Ln) transforms into an amorphous solid 
in the temperature range corresponding to the combustion of organic ligands and the 
crumbling of the POM structure and new high–temperature crystalline phases start appearing 
at temperatures around 490–530 °C reaching complete formation at ca. 610 °C, which is in 
good agreement with the observations in the above TGA curve. At 550 °C these phases forming 
the final residue of the thermal decomposition are defined enough for being identified as a 
mixture of tetragonal P4/nmm WO3 (PDF: 01–085–0807),102 and triclinic P–1 CuWO4 (PDF: 01–
080–1918, PDF: 01–088–0269, PDF: 01–070–1732),90,103 with an approximate WO3:CuWO4 ratio 
of 2:3 for all 1–Ce, 1–Eu and 1–Er (Figures A3.13‒A3.15 in the Appendix), no crystal phases 
containing any Ln could be found in the diffraction patterns of neither of them. This fact could 
be explained considering the low content of Ln compared to the other components in our 
compounds (W: Cu: Ln ratio is approximately 11: 3: 1) that prevents the diffraction peaks 
associated with any Ln–containing phases from being detected in the diffraction patterns. 
Encouraged by the TGA/DTA and TPXRD results over polycrystalline samples, we decided to 
carry out analogous single–crystal XRD studies to determine the structural changes promoted 
by the dehydration processes. We selected for this purpose 1–Ce, 1–Eu and 1–Er compounds 
because of their higher crystal quality compared to that of other derivatives and so the results 
could be representative for at least one early, mid and late–lanthanide derivative. Fortunately, 
single crystals of all 1–Ce, 1–Eu and 1–Er were able to maintain their integrity after heating to 
383 and 433 K and thus, it allowed us to determine the structures of the isostructural 
intermediates 2–Ln (Ln = Eu, Er) as well as the anhydrous phases 3–Ln (Ln = Ce, Eu). On the 
other hand, due to the rapid rehydration of 1–Er derivative, we could not determine the 
anhydrous phase but the partially hydrated one instead, even when the crystals were heated 
to 433 K. In view of these results, we tried to measure the anhydrous derivatives of Tm, Yb and 
Lu late–Ln analogues and even though the collected data was of poor quality, it allowed us to 
confirm that all three unit cells were isostructural to that of the measured intermediate phases 
2–Ln. The following Table 3.9 summarizes the sc–XRD measurements carried out for these 
hybrids compounds. 
Table 3.9. Summary of sc–XRD results for 1–Ln hybrid compounds and their thermal derivatives. 
 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
1–Ln sc sc sc sc sc sc sc sc sc sc sc sc sc sc 
2–Ln – PQ – – – sc – – – – sc PQ PQ PQ 
3–Ln – sc – – – sc – – – – X X X X 
1R–Ln – sc – – – sc – – – – sc – – – 
sc = single–crystal; PQ = poor quality sc–XRD data, X= unit cell of 2‒Ln. 
Crystal structures of 1–Ln 
Isostructural compounds 1–Ln crystallize in the triclinic space group P–1, the unit cell 
of which contains a hybrid dimeric core [{(α–GeW11O39)Ln(H2O)(μ–CH3COO)}2]12–, six 
{Cu(cyclam)] cationic moieties (Cu1A, Cu1B, Cu1C and Cu1D) and several water molecules of 
hydration (17–19 H2O), some of which are disordered. The 2:2 type dimeric core is composed 
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of two identical symmetrically related mono–substituted {(α–GeW11O39)Ln(H2O)(μ–CH3COO)}6– 
fragments, where two monolacunary {α–GeW11O39} Keggin units are linked together by two Ln 
atoms, each one coordinated to a bridging acetate chelating ligand in the (η2–μ–1,1) 
coordination mode. Each Keggin cluster is decorated by three crystallographically independent 
{Cu(cyclam)} moieties (Cu1A–Cu1C) through terminal oxygen atoms of the mono–substituted 
units whereas the non–supported Cu1D {Cu(cyclam)} complexes act as a charge compensation 
units (Figure 3.27). 
 
Figure 3.27. ORTEP view of 1–Eu depicted at the 50% probability level, with partial atom labelling and polyhedral 
representation of the dimeric hybrid, showing the coordination sphere of the Ln atom (water molecules and H 
atoms are omitted for clarity). Color code: Symmetry codes: i) –x, –1–y, 1–z; ii) 1–x, –y, 1–z. 
In these 1–Ln dimeric structures, the Ln atoms are accomodated in the vacant site of the 
defect [α–GeW11O39]8– Keggin subunit and exhibit a distorted eight–coordinate square 
antiprism (SAPR) or biaugmented trigonal prism (BTPR) geometry depending on the Ln, as 
confirmed by CShM calculations91 (Table 3.10). Each lanthanide atom is coordinated to four 
oxygen atoms that delimit the vacant site of the lacunary cluster (O6F, O7F, O10F and O11F), 
two oxygen atoms belonging to the carboxylate group of one acetate ligand (O1Ac and O2Ac) 
and another carboxyl atom from the other centrosymmetric one (O1Aci where i: 1–x, –y, 2–z; 
Figure 3.27). The remaining position is occupied by one water molecule (O1WF) with Ln–O1WF 
bond lengths in the range of 2.32–2.56 Å across the series. The distances between Ln and O 
atoms belonging to the POM vary from 2.26 to 2.46 Å whereas distances to the carboxylic O 
atoms are slightly longer and can be found in the range 2.35–2.60 Å along the series (Table 
3.10). These distances demonstrate the influence of the Ln radii on the local environment as 
Ln‒O bond lengths decrease with the radius of the trivalent Ln center. Moreover, distances 
between adjacent Ln···Ln atoms also follow this trend varying from 4.00 to 4.27 Å which is 
consistent with the lanthanide contraction as well (Figure 3.28), except for that of 1–Ho 
derivative, which could be explained attending to the type of distortion calculated by CShM 
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(BTPR < SAPR, Table 3.10). This way, the coordination polyhedron of 1‒Ho resembles more 
those found for the early‒Ln derivatives (BTPR) compared to the late‒Ln analogues (SAPR), 
resulting in slightly longer Ln···Ln and Ln-Oaverage distances. 
Table 3.10. Ln–O bonds lengths (Å) and the polyhedral distorsion (CShM) in 1–Ln compounds. 
Ln–O 1–La 1–Ce 1–Pr 1–Nd 1–Sm 1–Eu 1–Gd 
Ln–O6F 2.456(8) 2.424(8) 2.424(8) 2.409(6) 2.398(8) 2.387(7) 2.365(9) 
Ln–O7F 2.442(8) 2.433(8) 2.416(7) 2.393(6) 2.368(8) 2.375(7) 2.334(9) 
Ln–O10F 2.440(7) 2.435(7) 2.402(7) 2.393(5) 2.359(8) 2.357(7) 2.356(9) 
Ln–O11F 2.415(8) 2.394(8) 2.378(7) 2.366(6) 2.361(8) 2.333(7) 2.345(10) 
Ln–O1AC 2.590(8) 2.592(7) 2.491(7) 2.566(6) 2.448(8) 2.435(8) 2.435(9) 
Ln–O2AC 2.599(9) 2.593(8) 2.568(8) 2.555(6) 2.513(8) 2.511(8) 2.469(10) 
Ln–O1ACi 2.538(8) 2.492(8) 2.578(7) 2.480(6) 2.543(8) 2.540(8) 2.514(9) 
Ln–O1WF 2.559(9) 2.521(8) 2.481(8) 2.477(6) 2.452(8) 2.423(8) 2.418(10) 
Ln–Oaverage 2.505 2.486 2.467 2.455 2.430 2.420 2.405 
BTPR–8 1.534 1.548 1.483 1.551 1.502 1.508 1.563 
SAPR–8 2.327 2.114 1.989 1.867 1.693 1.688 1.617 
Ln–O 1–Tb 1–Dy 1–Ho 1–Er 1–Tm 1–Yb 1–Lu 
Ln–O6F 2.342(7) 2.325(9) 2.340(9) 2.301(7) 2.299(5) 2.312(6) 2.271(8) 
Ln–O7F 2.357(8) 2.324(9) 2.329(9) 2.320(6) 2.297(5) 2.295(6) 2.264(8) 
Ln–O10F 2.335(8) 2.313(8) 2.322(8) 2.315(7) 2.292(5) 2.287(6) 2.272(7) 
Ln–O11F 2.308(7) 2.296(9) 2.302(8) 2.287(7) 2.278(5) 2.261(6) 2.268(7) 
Ln–O1AC 2.405(7) 2.403(9) 2.406(9) 2.392(7) 2.368(5) 2.353(7) 2.372(7) 
Ln–O2AC 2.456(8) 2.452(9) 2.460(9) 2.432(7) 2.413(5) 2.409(7) 2.410(8) 
Ln–O1ACi 2.525(7) 2.482(9) 2.487(8) 2.473(7) 2.496(5) 2.491(6) 2.417(7) 
Ln–O1WF 2.404(8) 2.385(10) 2.391(9) 2.368(8) 2.338(5) 2.331(7) 2.321(8) 
Ln–Oaverage 2.392 2.373 2.380 2.360 2.348 2.342 2.324 
BTPR–8 1.588 1.527 1.556 1.607 1.659 1.614 1.710 
SAPR–8 1.571 1.515 1.611 1.498 1.401 1.451 1.384 
Symmetry codes: i) 1–x, –y, 2–z; ii) 1–x, 1–y, 2–z. CShM: reference polyhedra BTPR–8 (biaugmented trigonal prism) 
and SAPR–8 (square antiprism). 
 
 
Figure 3.28. Variation of Ln···Ln shortest distances and average Ln–O bond lengths for all 1–Ln derivatives. 
Symmetry code: i) 1–x, –y, 1–z. 
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Four different trans–III {Cu(cyclam)} complexes can be found in 1–Ln structures. Three 
of them consist on a metal–organic block grafted to the Keggin surface (Cu1A, Cu1B and Cu1C) 
whereas the other one is a non–supported square planar cationic complex (Cu1D). The 
coordination sphere of Cu1A adopts a tetragonally elongated CuN4O square pyramidal 
geometry, where the four N atoms of the ligand form the basal plane and the apical position is 
occupied by one terminal O atom from the cluster (O8). The distance Cu1A–O8 does not vary 
in a significant way as it ranges from 2.35 to 2.41 Å along the series. In contrast, the 
coordination spheres of both centrosymmetric Cu1B and Cu1C moieties show distorted 
octahedral geometries with the four N atoms of the cyclam ligand forming the equatorial plane 
and the axial positions occupied by terminal O atoms from different Keggin clusters (O1 and 
O2 for Cu1B and Cu1C, respectively, Figure 3.27). While these two CuN4O2 chromophores show 
a Jahn–Teller elongation, thedistortion is especially remarkable for Cu1C as indicated by the 
highest CShM values and its respective axial Cu–O bonds showing lengths near those of semi–
coordination (Cu1C–O2 distances slightly vary from 2.64–2.69 Å, Table 3.11). 
Table 3.11. Cu–O and Cu–Nmean bond lengths (Å) as well as the polyhedral distorsion (CShM) in 1–Ln compounds. 
 1–La 1–Ce 1–Pr 1–Nd 1–Sm 1–Eu 1–Gd 
Cu1A–Nmean 2.036 2.030 2.021 2.026 2.020 2.016 2.024 
Cu1A–O8 2.379(10) 2.389(9) 2.390(8) 2.388(6) 2.403(9) 2.388(8) 2.381(10) 
vOC–5 0.727 0.653 0.861 0.743 0.713 0.803 0.709 
SPY–5 0.887 0.965 0.901 0.893 0.972 0.911 0.968 
Cu1B–Nmean 2.011 2.030 2.022 2.023 2.027 2.022 2.024 
Cu1B–O1 2.439(9) 2.462(8) 2.444(8) 2.445(6) 2.424(8) 2.440(8) 2.428(9) 
Cu1B–O1i 2.439(9) 2.462(8) 2.444(8) 2.445(6) 2.424(8) 2.440(8) 2.428(9) 
OC–6 1.197 1.127 1.157 1.142 1.123 1.143 1.043 
Cu1C–Nmean 2.018 2.032 2.022 2.026 2.000 2.023 2.033 
Cu1C–O2 2.647(10) 2.657(9) 2.665(9) 2.660(7) 2.652(9) 2.666(9) 2.676(10) 
Cu1C–O2ii 2.647(10) 2.657(9) 2.665(9) 2.660(7) 2.652(9) 2.666(9) 2.676(10) 
OC–6 1.997 2.047 2.106 2.010 2.058 2.073 2.063 
Cu1D–Nmean 2.003 2.002 2.000 2.007 2.005 2.010 1.999 
SP–4 0.320 0.339 0.291 0.242 0.166 0.232 0.210 
 1–Tb 1–Dy 1–Ho 1–Er 1–Tm 1–Yb 1–Lu 
Cu1A–Nmean 2.026 2.019 2.025 2.015 2.018 2.017 2.028 
Cu1A–O8 2.378(8) 2.374(9) 2.412(9) 2.399(7) 2.382(5) 2.390(7) 2.386(9) 
vOC–5 0.695 0.757 0.746 0.779 0.703 0.734 0.711 
SPY–5 0.905 0.945 0.954 0.916 0.923 0.913 0.869 
Cu1B–Nmean 2.026 2.041 2.033 2.026 2.024 2.021 2.026 
Cu1B–O1 2.441(10) 2.435(9) 2.440(9) 2.438(7) 2.440(5) 2.435(7) 2.432(9) 
Cu1B–O1i 2.441(10) 2.435(9) 2.440(9) 2.438(7) 2.440(5) 2.435(7) 2.432(9) 
OC–6 1.088 1.028 1.073 1.078 1.094 1.075 1.082 
Cu1C–Nmean 2.028 2.024 2.019 2.021 2.022 2.019 2.016 
Cu1C–O2 2.677(9) 2.664(9) 2.680(9) 2.653(10) 2.660(8) 2.682(7) 2.677(9) 
Cu1C–O2ii 2.677(9) 2.664(9) 2.680(9) 2.653(10) 2.660(8) 2.682(7) 2.677(9) 
OC–6 2.062 2.055 2.135 1.989 2.062 2.152 2.139 
Cu1D–Nmean 2.001 2.007 2.011 2.004 2.009 2.007 2.007 
SP–4 0.226 0.223 0.221 0.167 0.181 0.182 0.209 
Symmetry codes: i) –x, –1–y, 1–z; ii) 1–x, –y, 1–z. CShM: reference polyhedra SP–4 (square), vOC–5–(vacant 
octahedron), SPY–5 (square pyramid) and OC–6 (octahedron). 
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The crystal packing of the 1–Ln compounds can be described as a covalent 
bidimensional arrangement formed through the coordination of contiguous hybrid dimers 
through the {Cu(cyclam)} moieties generating a staggered brickwork assembly parallel to the 
(1–10) plane (Figure 3.28). This way, each monosubstituted Keggin subunit results connected 
to two neighboring clusters through the Cu1B and Cu1C bridging moieties which leads to the 
formation of the hybrid layers (Figure 3.28b). In contrast, the Cu1A antenna moiety is slightly 
oriented toward the intralamellar space where the square–planar Cu1D complex is located. 
The covalent layers stack alongside the [1–10] direction (Figure 3.28a) by means of an 
extensive supramolecular network of N–H···O and C–H···O intermolecular interactions 
between these two Cu1A and Cu1D moieties and the O atoms belonging to Keggin anions of 
adjacent layers, as well as some of the water molecules of hydration (O1W, O4W, O5W, O7W 
and O9W) and the carboxylic O atoms of the acetate bridging ligands (Tables 3.12 and 3.13). 
These intermolecular interactions also take place within the layers, as the bridging Cu1B and 
Cu1C complexes display numerous favorable N–H···O and C–H···O interactions toward 
contiguous Keggin subunits. This disposition of the ligands creates an hexagonal metalorganic 
framework along the [111] direction where the polyanions are located generating a massive 
H–bonding network (Figure 3.28c) which further contribute to the overall stability of the bi–
dimensional hybrid assembly.  
 
Figure 3.28. a) Crystal packing of 1–Ln (Ln = Eu) hybrids along the [110] direction and b) hybrid covalent layers in the 
(1–10) plane. Cyclam ligands are omitted for clarity. c) Hexagonal metalorganic framework showing the massive H–
bond network. Color code: W (grey), Ge (orange), Cu (blue), Ln (pink), N (green), O (red), C (black), H (pale pink). 
Symmetry codes: i) 1–x, –y, 1–z; (ii) –x, –1–y, 1–z. 
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Table 3.12. Intermolecular N···O and C···O interactions (Å) in 1–Ln compounds (Ln = La–Gd). 
Donor···Acceptor 1–La 1–Ce 1–Pr 1–Nd 1–Sm 1–Eu 1–Gd 
N1A···O510i 2.91(2) 2.927(19) 2.929(16) 2.908(12) 2.919(14) 2.939(18) 2.921(19) 
N4A···O7W 3.12(3) 3.10(2) 3.16(2) 3.176(15) 3.212(16) 3.19(2) 3.16(2) 
N8A···O4W 3.01(4) 2.98(3) 3.01(2) 2.99(2) 3.009(19) 2.97(2) 2.99(2) 
N11A···O410i 2.974(19) 3.011(19) 2.977(17) 2.981(12) 2.981(15) 2.974(17) 3.00(2) 
C3A···O2ACii 3.41(3) 3.43(2) 3.11(2) 3.406(14) 3.436(16) 3.422(18) 3.45(2) 
C5A···O2ACii 3.36(3) 3.33(2) 3.43(2) 3.267(13) 3.261(19) 3.318(19) 3.28(3) 
C13A···O45i 3.28(4) 3.28(2) 3.21(2) 3.193(16) 3.215(17) 3.23(2) 3.21(2) 
N1B···O19 3.094(14) 3.062(13) 3.32(2) 3.070(9) 3.081(13) 3.087(12) 3.080(16) 
N4B···O13 2.904(14) 2.887(13) 3.063(13) 2.895(9) 2.882(12) 2.913(13) 2.896(15) 
C2B···O9 3.253(19) 3.238(17) 2.897(12) 3.252(13) 3.229(15) 3.293(17) 3.240(19) 
C7B···O5W 3.44(2) 3.46(2) 3.225(16) 3.439(16) 3.43(2) 3.48(2) 3.44(2) 
N1C···O12iii 2.886(14) 2.915(14) 3.055(13) 2.892(11) 2.923(14) 2.913(13) 2.906(19) 
N4C···O25 3.052(14) 3.062(14) 3.45(2) 3.046(10) 3.030(12) 3.038(14) 3.12(2) 
C3C···O5 3.223(2) 3.229(19) 2.912(13) 3.209(13) 3.211(17) 3.200(16) 3.21(2) 
C3C···O1Wiii 3.48(2) 3.454(18) 3.215(18) 3.449(13) 3.442(17) 3.469(16) 3.43(3) 
C7C···O2 3.235(19) 3.23(2) 3.444(18) 3.228(15) 3.238(17) 3.213(17) 3.22(2) 
N1D···O37 3.31(2) 3.297(18) 3.24(3) 3.295(13) 3.343(18) 3.305(17) 3.31(2) 
N4D···O9iv 3.067(19) 3.099(19) 2.881(18) 3.072(12) 2.903(17) 3.096(15) 3.05(2) 
N4D···O5Wiv 3.01(3) 3.01(3) 3.074(18) 3.021(17) 3.027(16) 3.03(2) 3.04(3) 
N8D···O911iv 2.765(19) 2.771(18) 3.290(19) 2.770(12) 3.313(18) 2.778(15) 2.76(2) 
N11D···O6 3.303(19) 3.3011(19) 2.777(16) 3.296(12) 2.781(17) 3.285(14) 3.29(2) 
N11D···O67 2.91(2) 2.88(2) 3.316(17) 2.884(10) 3.201(16) 2.876(15) 2.89(2) 
C2D···O3 3.28(3) 3.26(3) 3.40(3) 3.258(17) 3.41(2) 3.24(2) 3.25(3) 
C5D···O7 3.31(3) 3.30(3) 3.02(2) 3.350(14) 3.08(2) 3.36(2) 3.34(3) 
C6D···O9Wii 2.92(4) 3.05(4) 3.35(2) 3.38(3) 3.29(2) 3.44(4) 3.32(5) 
C12D···O49iv 3.36(3) 3.39(3) 3.36(5) 3.379(17) 3.32(3) 3.387(19) 3.40(3) 
C13D···O26 3.36(3) 3.38(3) 3.38(2) 3.378(18) 3.41(2) 3.39(2) 3.37(3) 
Symmetry codes: i) x, –1+y, z; ii) 1–x, –1–y, 2–z; iii) 1–x, –y, 1–z; iv) 1+x, y, z. 
PLATON analyses reveal slight residual solvent accessible microvoids in all 1–Ln 
derivatives. These empty volumes sum up to ca. 112–122 Å3, which corresponds to 4% of the 
total volume of the unit cell, could suggest that these microvoids are a direct consequence of 
the highly disordered lattice water molecules. In contrast, the total solvent accessible volume 
ranges from 697 to 734 Å3 (ca. 18% of the unit cell volume) across the series. 
A structural comparison between the different 1–Ln derivatives reveals an overall 
decrease of the cell parameter c with Ln radius whereas the other directions display a less 
regular trend (Figure 3.29). This was expected since the Ln atoms are aligned along the z axis 
and thus, this variation is a direct result of the lanthanide contraction. In a similar way, the 
variation of the cell volume V as a function of the Ln radius shows a similar profile which can 
be explained in the same way, although from Eu to Ho derivatives a more irregular trend can 
be observed. As mentioned above, Cu1C–O distances are significantly longer than those 
displayed by Cu1B complex indicating a weaker coordination bond for the former. Cu1C–O 
distance generally increases with the atomic number until 1–Dy, after which it follows a 
fluctuating trend for the late lanthanide derivatives in such a way that 1–La and 1–Pr show the 
shortest while 1–Ho and 1–Yb display the weakest bond. The remaining bridging moiety Cu1B 
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as well as Cu1A antenna complexes show distances to terminal O1 and O8 atoms that oscillate 
across the entire Ln derivatives.  
 
Figure 3.29. Variation of cell parameters c and unit cell volume (V) in the series of 1–Ln derivatives. 
Table 3.13. Intermolecular N···O and C···O interactions (Å) in 1–Ln compounds (Ln = Tb–Lu).  
Donor···Acceptor 1–Tb 1–Dy 1–Ho 1–Er 1–Tm 1–Yb 1–Lu 
N1A···O510i 2.901(14) 2.90(2) 2.948(14) 2.936(12) 2.921(10) 2.920(11) 2.918(16) 
N4A···O7W 3.151(15) 3.14(2) 3.174(16) 3.190(13) 3.189(10) 3.185(14) 3.242(19) 
N8A···O4W 2.994(17) 2.99(3) 3.02(2) 3.014(15) 3.012(11) 3.016(16) 3.04(2) 
N11A···O410i 2.970(14) 2.973(18) 2.949(14) 2.988(12) 2.979(8) 2.973(12) 2.961(15) 
C3A···O2ACii 3.449(17) 3.46(2) 3.100(18) 3.444(14) 3.479(10) 3.119(15) 3.445(19) 
C5A···O2ACii 3.275(16) 3.27(2) 3.467(17) 3.264(15) 3.272(10) 3.467(14) 3.274(18) 
C13A···O45i 3.205(17) 3.21(2) 3.219(16) 3.192(14) 3.192(10) 3.177(14) 3.17(2) 
N1B···O19 3.059(11) 3.058(15) 3.255(16) 3.076(11) 3.065(8) 3.276(13) 3.054(13) 
N4B···O13 2.889(11) 2.902(15) 3.052(14) 2.901(11) 2.903(9) 3.075(11) 2.898(13) 
C2B···O9 3.236(14) 3.256(18) 2.905(13) 3.250(14) 3.260(10) 2.904(10) 3.267(16) 
C7B···O5W 3.437(16) 3.47(2) 3.233(15) 3.426(16) 3.428(12) 3.281(13) 3.44(2) 
N1C···O12iii 2.891(14) 2.889(16) 3.041(14) 2.897(13) 2.903(9) 3.024(13) 2.908(14) 
N4C···O25 3.045(13) 3.058(15) 3.46(4) 3.039(11) 3.030(9) 3.421(16) 3.021(14) 
C3C···O5 3.234(16) 3.203(19) 2.908(15) 3.188(14) 3.186(11) 2.893(13) 3.197(17) 
C3C···O1Wiii 3.434(17) 3.42(2) 3.196(17) 3.426(14) 3.444(11) 3.179(15) 3.426(19) 
C7C···O2 3.239(15) 3.26(2) 3.45(2) 3.218(16) 3.228(11) 3.433(16) 3.223(18) 
N1D···O37 3.297(13) 3.37(2) 3.245(19) 3.363(13) 3.382(9) 3.237(17) 3.279(14) 
N4D···O9iv 2.901(13) 2.87(2) 3.212(16) 2.890(13) 2.907(9) 3.319(12) 3.042(18) 
N4D···O5Wiv 3.074(13) 3.030(18) 2.907(16) 3.045(15) 3.050(10) 2.892(12) 3.04(2) 
N8D···O911iv 3.366(14) 3.30(2) 3.324(15) 3.287(13) 3.287(9) 3.399(11) 2.783(14) 
N11D···O6 2.766(12) 2.744(19) 3.324(16) 2.777(12) 2.754(8) 3.292(12) 3.280(16) 
N11D···O67 3.302(14) 3.301(18) 2.746(15) 3.287(13) 3.327(9) 2.759(11) 2.917(15) 
C2D···O3 3.385(17) 3.37(2) 3.400(16) 3.372(17) 3.371(12) 3.402(14) 3.264(18) 
C5D···O7 3.039(15) 3.00(3) 3.034(16) 3.035(17) 3.021(11) 3.058(14) 3.37(2) 
C6D···O9Wii 3.359(16) 3.36(2) 3.04(4) 3.368(17) 3.375(12) 3.066(16) 3.30(4) 
C12D···O49iv 3.34(3) 3.17(7) 3.332(18) 3.24(2) 3.24(2) 3.371(15) 3.345(19) 
C13D···O26 3.397(16) 3.37(3) 3.27(3) 3.441(16) 3.413(11) 3.23(3) 3.36(2) 
Symmetry codes: i) x, –1+y, z; ii) 1–x, –1–y, 2–z; iii) 1–x, –y, 1–z; iv) 1+x, y, z. 
| Chapter 3 
 140 
In contrast, the square–planar Cu1D moiety located in the interlamellar space shows a 
distance to the nearest Keggin O atom (O9i where i: 1+x, y, z) that vary from 2.79 to 2.89 Å as 
opposed to the significantly shorter Cu1B–O and Cu1A–O distances. In this sense, 1–Dy shows 
the shortest Cu1D···O9 distance as opposed to the longest distance displayed by 1–Sm 
derivative. These distances are related with the intralamellar distance and they do not display 
a regular trend along the series suggesting that the separation between layers and thus, the 
compaction of the crystal packing is not strongly affected by the lanthanide contraction effect. 
SCSC transformation: 2–Ln structures 
When single crystals of 1–Ln were heated to 110 °C, several water molecules of 
hydration were removed and the partially hydrated intermediates were formed (2–Ln), as 
suggested from the TPXRD measurements. Similar to 1–Ln, the unit cell of 2–Ln intermediates 
contain a [{(α–GeW11O39)Ln(H2O)(μ–CH3COO)}2]12– dimeric fragment, six {Cu(cyclam)] cationic 
moieties (two of them centrosymmetric, Cu1B and Cu1C) and four water molecules of 
hydration. The partial dehydration brought forth drastic changes in the overall packing of 2–Ln 
compared to that found in the hydrated phases, as important modifications in the Cu(II) 
bonding, and consequently in the dimensionality of the hybrid framework took place as a 
result of the thermally activated SCSC transformation (Figures 3.30 and 3.31).  
 
Figure 3.30. a) Crystal packing of 2–Ln along [110] and b) in the (1–10) plane with partial atom labelling. c) Details of 
the crystallographic disorder showing the two equivalent forms. C and H atoms of the ligands are omitted for clarity. 
Color code: W (grey), Ge (orange), Cu (blue), Ln (pink), O (red), N (green). Symmetry code: i) –x, –y, 1–z. 
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Figure 3.31. Structural comparison between the crystal packing of 1–Eu, 2–Eu and 3–Eu with atom labeling. 
First, a slight shortening of the a parameter as well as a slight increase in c can be 
observed while the b parameter remained almost constant, which resulted in a smaller unit 
cell volume and hence, a more compacted crystal architecture (Tables 3.6–3.8). The most 
notable change, however, is the generation of a crystallographic disorder involving Cu1B and 
Cu1C moieties. This way, two crystallographically equivalent forms can be distinguished which 
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are represented in Figure 3.30. While in 1–Ln compounds each Keggin subunit results 
connected to two neighboring clusters through the Cu1B and Cu1C bridging moieties forming 
the hybrid layers, each polyanion in 2–Ln connects a single adjacent Keggin by one Cu1B 
linking complex forming a chain–like hybrid assembly (Figures 3.30). Compared to Cu1B in 1–
Ln which bridged two W1 octahedra, even though it remains as an hexacoordinated bridging 
complex, Cu1C in 2–Ln migrated from W1 to the adjacent W9 octahedron upon the gradual 
dehydration process resulting with a slightly longer Cu–O bond. In contrast, the former 
bridging complex Cu1C which connected two adjacent W2 in 1–Ln migrated from one W2 to 
the neighboring W1 octahedron becoming an antenna ligand in 2–Ln showing a slightly shorter 
Cu1C–O1 bond. Because of this, the dimensionality of 2–Ln diminishes which changed from a 
covalent bi–dimensional packing in the (1–10) plane to a monodimensional one constituted by 
corrugated hybrid chains by means of Cu1B moieties along the z axis showing a vertical 
brickwork arrangement (Figures 3.30). This disposition originates from the approximately 20° 
rotation of each dimeric entity along the z axis compared to the hydrated phases that took 
place upon partial dehydration (Figure 3.31). The SCSC transformation also forced the 
countercation Cu1D which was located near W9 (Cu1D···O9 = 2.791(9) Å) in 1–Ln to migrate to 
the neighboring W11 octahedron and thus, to coordinate to O11 terminal atoms becoming yet 
another antenna ligand in 2–Ln. In comparison, Cu1A antenna complex remained largely the 
same as in 1–Ln hydrated compounds, although with a notably stronger Cu1A–O8 bond than 
that shown in the parent phases (Table 3.14.) 
Table 3.14. Cu–O bond and selected Cu···O distances (Å) as well as the polyhedral distorsion (CShM) of the 
{Cu(cyclam)} complexes observed in some 1–Ln, 2–Ln and 3–Ln (Ln = Eu, Er) derivatives. 
1–Ln 2–Ln 3–Ln 
 1–Eu 1–Er  2–Eu 2–Er 3–Eu 
Cu1A–O8 2.388(8) 2.399(7) Cu1A–O8 2.264(14) 2.261(14) Cu1A–O8B 2.212(12) Cu2A–O8A 2.233(12) 
vOC–5 0.803 0.779 vOC–5 0.617 0.660 vOC–5 0.395 vOC–5 0.444 
SPY–5 0.911 0.916 SPY–5 1.144 1.167 SPY–5 1.019 SPY–5 1.047 
Cu1B–O1 2.440(8) 2.438(7) Cu1B–O9 2.410(18) 2.429(16) Cu1B–O9Bv 2.574(12) Cu2B–O9A 2.258(13) 
Cu1B–O1i 2.440(8) 2.438(7) Cu1B–O1iv 2.549(20) 2.537(11) Cu1B–O1A 2.527(11) Cu2B–O1Bv 2.408(12) 
OC–6 1.143 1.078 OC–6 1.633 1.286 OC–6 1.459 OC–6 1.198 
Cu1C–O2 2.666(9) 2.653(10) 
Cu1C–O1iv 2.561(18) 2.718(13) Cu1C–O1Bv 2.757(13) Cu2C···O1A 3.488(13) 
Cu1C–O2ii 2.666(9) 2.653(10) 
OC–6 2.073 1.989 SPY–5 1.854 5.938* SPY–5 3.558* SP–4 0.152 
Cu1D···O9iii 2.791(9) 2.820(9) Cu1D–O11 2.268(13) 2.256(14) Cu1D–O11A 2.294(12) Cu2D–O11B 2.296(13) 
SP–4 0.232 0.167 vOC–5 0.938 0.681 vOC–5 1.007 vOC–5 0.874 
— — — SPY–5 1.245 1.108 SPY–5 1.380 SPY–5 0.912 
Symmetry codes: i) –x, –1–y, 1–z; ii) 1–x, –y, 1–z; iii) 1+x, y, z; iv) –x, –y, 1–z; v) x, y, 1+z. CShM: reference polyhedra 
SP–4 (square), SPY–5 (square pyramid), vOC-5-(vacant octahedron) and OC–6 (octahedron). * Expected high CShM 
values due to strong crystallographic disorder. 
Partial dehydration also resulted in a significant contraction along the z axis leading to a 
more compacted crystal packing along the direction where the hybrid chains extend (Tables 
3.6–3.8). Taking the Eu derivative as an example, this is clearly reflected in the Ge···Ge 
distances between contiguous Keggin anions belonging to the same row which are significantly 
longer in the hydrated phases (1–Eu, Ge···Ge = 15.7 Å, Figure 3.28) compared to the equivalent 
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distance found in 2–Eu compound (Ge···Ge = 14.7 Å; Figure 3.30). Similarly, the distance 
between consecutive dimers along the direction where the hybrid chains meander in 2–Ln 
(Ge···Ge = 13.7 Å and 13.5 Å) is notably reduced compared to the equivalent one observed in 
1–Ln (Ge···Ge = 14.1 Å). In contrast, the Ge···Ge distances between the nearest Keggin units 
belonging to different layers, remained nearly constant along the x axis (1–Eu, Ge···Ge = 13.8 
Å) compared to those found in 2–Eu between adjacent Keggin polyanions belonging to 
different hybrid chains (Ge···Ge = 13.7 Å). PLATON analyses reveal small residual solvent 
accessible microvoids that sum up to 6% of the total volume of the unit cell, which amounts to 
ca. 183 Å3 in 2–Eu derivative and corresponds to approximately six water molecules of 
hydration per dimeric entity. The total solvent accessible volume, however, sum up to ca. 300 
Å3 (8% of the unit cell volume) which drastically decreased compared to the parent hydrated 
phases (18%), further evidencing the compaction that took place upon the SCSC process. 
SCSC transformation: 3–Ln structures 
When single crystals of 1–Ln or 2–Ln were heated to 180 °C, total removal of all water 
molecules was achieved resulting in the anhydrous 3–Ln structures. The measured dehydrated 
phases (Ln = Ce, Eu) show isomorphism just like the parent hydrated and intermediate 
analogues between them, as well as an identical crystallographic disorder in which two 
{Cu(cyclam)} moieties are disordered over four positions with identical occupancy (Cu1B, Cu1C, 
Cu2B and Cu2C), evidencing an absence of dependence with the Ln atoms. Even though the 
space group remained unchanged, some notable structural modifications could be observed 
compared to the previous partially hydrated phases.  
The second SCSC transformation almost doubled the lattice parameter b and 
consequently, the content and volume of the unit cell (Tables 3.6–3.8). The unit cell of 3–Ln 
contains two hybrid dimeric entities [{(α–GeW11O39)Ln(μ–CH3COO)}2]12– (labelled as A and B) 
and twelve {Cu(cyclam)} cationic moieties, four of them (Cu1B, Cu1C, Cu2B and Cu2C) involved 
in the strong crystallographic disorder mentioned above and in the experimental section 
(Figure 3.32). These changes in the unit cell resulted in the generation of four new 
crystallographically independent {Cu(cyclam)} complexes (Cu2A–Cu2D) for each of the four 
crystallographically independent moieties found in 1–Ln and 2–Ln compounds (Cu1A–Cu1D). 
Despite this, the overall crystal structure of the anhydrous 3–Ln is highly reminiscent of that 
described for the 2–Ln intermediates as it still consist on hybrid chains that extend along the z 
axis in a zig–zag manner, although notable changes were observed in some of the 
metallocyclam complexes. Regarding the latter, Cu1A and Cu1D as well as the related Cu2A 
and Cu2D moieties did not undergo major modifications as both the geometry and grafting 
point of the 3d–metal and their Cu–O bond lengths remained comparable to those found in 2–
Ln (Table 3.14). In contrast, the metallocyclam complexes involved in the crystallographic 
disorder, that is Cu1B, Cu1C and their related Cu2B, Cu2C moieties, did suffer significant 
changes in their coordination distances after total dehydration.  
The mentioned crystallographic disorder is stronger than that observed for 2–Ln, which 
is identical for both 3–Ce and 3–Eu and it is represented in Figures 3.32c. In this sense, two 
{Cu(cyclam)} moieties are disordered over four positions (Cu1B, Cu1C, Cu2B and Cu2C). Since 
the organic ligands of Cu1C–Cu2B and Cu1B–Cu2C pairs overlap with each other and the Cu1C–
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Cu2B pair share the terminal O atom at which they are grafted, only one pair of complexes can 
exist at a given time, (Cu1B–Cu1C and Cu2B–Cu2C). As opposed to the disorder observed in 2–
Ln structures, these two forms are not equivalent, although the overall monodimensional 
packing showed by each form does not change in a significant way. This fact is corroborated 
attending to the virtually identical occupation for each form observed during the free 
structural refinement, as indicated above. The form composed of Cu1B and Cu1C is virtually 
identical to that observed in the previous 2–Ln, although a significant increase in the Cu1B–
O9B bond distance can be observed, indicating a weaker coordination between dimers that 
form the hybrid zig‒zag chains (Table 3.14). In contrast, the increase in the bond distance is 
particularly notable in Cu1C–O1B, as the distorted antenna moiety is grafted to the POM with 
a bond length near semicoordination. Alternatively, the second form is not crystallographically 
equivalent to the former and hence, it differs from those observed in 2–Ln (Figure 3.33). In this 
sense, Cu2B bridges O1B and O9B atoms belonging to adjacent polyanions forming the chains 
with comparable bond lengths to those observed in 2–Ln. However, the remaining 
metalorganic moiety Cu2C is not connected to any terminal O atoms and hence, acts as a 
square–planar tetracoordinated complex instead of the antenna role that its related Cu1C 
fulfilled in the alternate form (Figure 3.33). 
 
Figure 3.32. a) Crystal packing of 3–Ln along [110] and b) in the (1–10) with partial atom labelling. c) Details of the 
crystallographic disorder showing the two non–equivalent forms. C and H atoms of the ligands are omitted for 
clarity. Color code: W (grey), Ge (orange), Cu (blue), Ln (pink), O (red), N (green). Symmetry code: i) 1–x, 2–y, –z. 
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Table 3.15. Comparison between the Ln–O bonds lengths (Å) as well as the polyhedral distorsion (CShM) of the Ln 
polyhedra in 1–Ln, 2–Ln and 3–Ln (Ln = Eu). 
1–Eu 2–Eu 3–Eu 
Eu1–O6F 2.387(7) Eu1–O6F 2.329(12) Eu1A–O6FA 2.316(11) Eu1B–O6FB 2.344(11) 
Eu1–O7F 2.375(7) Eu1–O7F 2.359(11) Eu1A–O7FA 2.326(10) Eu1B–O7FB 2.338(11) 
Eu1–O10F 2.357(7) Eu1–O10F 2.360(13) Eu1A–O0FA 2.270(11) Eu1B–O0FB 2.278(12) 
Eu1–O11F 2.333(7) Eu1–O11F 2.303(14) Eu1A–O1FA 2.285(11) Eu1B–O1FB 2.257(11) 
Eu1–O1AC 2.435(8) Eu1–O1AC 2.491(13) Eu1A–O1AC 2.682(11) Eu1B–O3AC 2.584(11) 
Eu1–O2AC 2.511(8) Eu1–O2AC 2.536(13)) Eu1A–O2AC 2.411(13) Eu1B–O4AC 2.426(12) 
Eu1–O1ACi 2.540(8) Eu1–O1ACii 2.547(12) Eu1A–O3AC 2.399(11) Eu1B–O1AC 2.465(11) 
Eu1–O1WF 2.423(8) Eu1–O1WF 2.462(17) — — — — 
Eu1–Oaverage 2.420 Eu–Oaverage 2.423 Eu1A–Oaverage 2.384 Eu1B–Oaverage 2.384 
BTPR–8 1.508 BTPR–8 1.172 CTPR–7 2.690 CTPR–7 2.386 
SAPR–8 1.688 SAPR–8 1.831 COC–7 3.952 COC–7 4.101 
Symmetry codes: i) 1–x, –y, 2–z; ii) 1–x, 1–y, 2–z. CShM: reference polyhedra COC–7 (capped octahedron), CTPR–7 




Figure 3.33. Evolution of the connectivity and geometry of the different Cu(cyclam) complexes found in 1–Ln 
through the sequential SCSC transformations with atom labelling. Cu atoms belonging to the different forms of the 
crystallographic disorders in 2–Ln and 3–Ln are colored differently. H atoms are omitted for clarity. Color code: W 
(grey), Cu (blue), O (red), N (Green). Symmetry codes: i) –x, –1–y, 1–z; ii) 1–x, –y, 1–z, iii) –x, –y, 1–z, iv) x, y, 1+z. 
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Figure 3.34. Comparison of the coordination sphere of Ln upon dehydration in 1–Ln, 2–Ln and 3–Ln with atom 
labelling (Ln = Eu). Symmetry codes: i) 1–x, –y, 2–z; ii) 1–x, 1–y, 2–z. 
PLATON calculations indicate several solvent accessible voids that sum up to a total of 
400 Å3 (6% of the total volume of the unit cell) which is comparable to the value of 8% found in 
the intermediate phases. Total dehydration induced the removal of the coordination water 
O1WF linked to the Ln centers changing their geometry from a highly distorted 
octacoordinated biaugmented trigonal prims (BTPR) to a less common seven–coordinated 
distorted capped trigonal prism (CTPR) geometry (Figures 3.34), showing significant 
modifications in the Ln–O bond lengths of their coordination spheres (Table 3.15).  
Continuos Shape Measures (CShM) 
Lanthanide atoms in each {(α–GeW11O39)Ln(H2O)(μ–CH3COO)}2 anion belonging to non–
anhydrous phases (1–Ln and 2–Ln) display highly distorted eight–coordinated geometries that 
have been analyzed through Continuous Shape Measures (CShM).91 For the lanthanide atoms 
in fully hydrated phases, CShM values in the 1.48–1.71 range have been obtained with the 
biaugmented trigonal prism (BTPR) as the reference shape, whereas close CShM values (1.50–
1.69) relative to the square antiprism (SAPR) can also be observed, with the exception of early 
lanthanides (La to Pr) that show considerably higher values (2.00–2.33, Table 3.10). 
Comparison with any other eight–coordinated reference polyhedron results in significantly 
higher values for all derivatives (above 2.50).  
 
Figure 3.35. Reference ideal polyhedra for CShM calculations along with the distorted SAPR/BTPR polyhedra that 
best describe the octacoordinated Ln centers in both 1–Ln and 2–Ln compounds. 
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Nevertheless, the SAPR versus BTPR shape map shows that the 4f scatter from the ideal 
SAPR geometry toward the BTPR one, but lying outside the trend marked by the minimal 
distortion pathway between the two reference polyhedra with path deviation values in the 
0.58–0.84 range (far away from the upper limit of 0.3 established by Casanova et al.). In 
comparison, the values obtained for 2–Ln structures are slightly lower for both SAPR and BTPR 
reference geometries (Table 3.15), indicating that the partial dehydration resulted in a less 
distorted Ln polyhedra. These results confirm the best description of the lanthanide centers as 
highly distorted eight coordination polyhedra in intermediate stages between BTPR and SAPR 
ideal geometries (Figure 3.35). In contrast, the uncommon heptacoordinated lanthanide 
centers found in the anhydrous 3–Ln phases consist in a strongly distorted capped trigonal 
prism shape showing high CShM values ranging from 2.39–3.34 (Table 3.15), whereas 
calculations with any other reference heptacoordinated shapes resulted in values above 4. 
Reversibility of the SCSC transformations 
The anhydrous phases rapidly adsorbs water from ambient moisture within a day in 
open air conditions at room temperature (Ln = La to Lu), as evidenced by thermogravimetric 
measurements carried out one day after dehydrating the samples by heating freshly prepared 
samples to 180 °C (Figures 3.36 and A3.16‒A3.20 in the Appendix). Given the speed of the 
rehydration process, the use of a desiccant was required to prevent the anhydrous phases 
from adsorbing water and thus, determine both the partially hydrated 2–Ln (Ln = Eu, Er) and 
the anhydrous 3–Ln (Ln = Ce, Eu) structures. However, a significant difference in the 
rehydration speed was observed because late–lanthanides derivatives seemed to rehydrate 
faster, as evidenced by the fact that we were unable to measure the anhydrous phases of Er, 
Yb and Lu–derivatives even with the use of the desiccant. Instead, the partially rehydrated 
phases 2–Ln were measured (Ln = Er, Yb, Lu). 
While the rehydration process is fully reversible and occurs rapidly within one day for all 
derivatives, the SCSC transformations are not in all cases, as evidenced by both single–crystal 
and powder XRD measurements on the same dehydrated/rehydrated samples used in the TGA 
analyses above. Interestingly, the early–lanthanide derivatives (Ln = La to Sm) revert back to 
the original phase 1–Ln upon rehydration within a day in air exposure while mid–to–late 
derivatives (Ln = Eu to Lu) are unable to return completely to their initial phases under these 
conditions, as the PXRD patterns of the samples heated for the TGA analyses suggest (Figures 
3.30 and A3.16‒A3.20 in the Appendix). However, single–crystal XRD measurements on 
samples of Ce, Eu and Er, which were heated to 180 °C to assure total dehydration one day 
prior to the full data acquisition, resulted in the 1R–Ln structures (Ln = Ce, Eu, Er) with the 
same unit cell as the corresponding parent 1–Ce, 1–Eu and 1–Er phases (Table A3.1 in the 
Appendix). The PXRD patterns of mid–to–late Ln–analogues (Ln = Eu to Lu) indicate that, even 
though they fully rehydrate in one day just like the early Ln derivatives as seen in the TGAs 
above, the transformation to their corresponding parent 1–Ln structure is far slower. In fact, 
the PXRD patterns exhibit diffraction maxima belonging to both 1–Ln and 2–Ln phases (Figures 
3.30 and A3.16‒A3.20 in the Appendix). Moreover, these diffraction patterns do not undergo 
any significant changes after 1 and 2 weeks in air exposure. In view of these contradictory 
results, we soaked the dehydrated samples of mid–to–late Ln derivatives (Ln = Eu to Lu) in 
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water for 24 hours, after which new diffractograms were recorded. The obtained patterns 
coincide perfectly with the simulated ones obtained from the single crystal data of the parent 
hydrated 1–Ln compounds (Figures 3.30 and A3.17‒A3.20 in the Appendix), confirming both 
the reversibility as well as the difference in the kinetics governing the SCSC from 2–Ln to 1–Ln. 
 
Figure 3.36. Study of the reversibility of the SCSC transformations for Ce, Eu and Er derivatives by TGA and PXRD 
techniques along with a scheme of the reversibility of the SCSC transformations for the different Ln derivatives. 
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In summary, the combined results from both single–crystal and powder–XRD together 
with the TGA curves from the dehydrated samples confirms that the SCSC transformations are 
totally reversible in air within 24 h for La–Sm derivatives while Er to Lu analogues required to 
be immersed in water for at least 24 h to fully revert back to their initial phase. 
3.4 CONCLUSIONS 
This chapter is divided into two well–differentiated sections: the first one consist on the 
study of SCCS transformations in heptatungstate–based hybrids whereas the second one 
involves lanthanide–substituted heteropolyoxotungstates. 
In the first section, the preparation and full characterization of a porous three–
dimensional covalent isoPOW hybrid, namely [{Cu(cyclam)}3(W7O24)]·15.5H2O (1–CuW7) 
(cyclam= 1,4,8,11–tetraazacyclotetradecane) has been carried out, in which gradual loss of 
water molecules of hydration upon heating triggers a series of sequential single–crystal–to–
single–crystal structural transformations. These phase transitions result in the formation of 
two new supramolecular covalently layered porous structures as a straightforward 
consequence of modifications in the Cu(II) bonding of the complexes, layer sliding and cluster 
rearrangement within the hybrid layers upon dehydration, which are 
[{Cu(cyclam)}3(W7O24)]·12H2O (2–CuW7) and [Cu(cyclam)]0.5[{Cu(cyclam)}2.5(W7O24)] (3–CuW7), 
respectively. Interestingly, 1–CuW7 displays an interconnected systems of channels while 2–
CuW7 show cavities of monodimensional nature with a significant lesser total solvent 
accessible volume. Unlike the hydrated phases, the anhydrous 3–CuW7 possess two types of 
crystallographically independent channels with slight different cross–sections. In terms of 
stability, 1–CuW7 and 2–CuW7 are chemically stable at ambient conditions while 3–CuW7 
rapidly transform back to the partially hydrated 2–CuW7 phase under ambient conditions. The 
permanent porosity was confirmed by gas sorption measurements, which revealed that our 
hybrid heptatungstate is able to adsorb moderate amounts of both N2 and CO2 gases.  
In the second section, the entire family of heterometallic polyoxotungstate–based 
dimeric hybrids (Ln = La to Lu), namely, [Cu(cyclam)]2[{Cu(cyclam)}4{(α–GeW11O39)Ln(H2O)(μ–
CH3COO)}2]·17–19 H2O (1–Ln) have been prepared and characterized. Among the few crystal 
structures based on acetate–bridged Ln–substituted POMs with grafted metalorganic 
complexes reported so far, 1–Ln hybid compounds constitute the first example of an extended 
covalent bidimensional assembly. It must be noted that this is also the first synthetic method 
that provides the whole family of lanthanide derivatives for a particular TM–Ln–{XW} synthetic 
system. These compounds undergo thermally induced single–crystal–to–single–crystal 
transformations upon gradual dehydration which lead to new monodimensional crystalline 
phases: the partially hydrated intermediate [{Cu(cyclam)}6{(α–GeW11O39)Ln(H2O)(μ–
CH3COO)}2]·4H2O·(2–Ln, Ln = Eu, Er;) and the anhydrous [Cu(cyclam)]0.5[{Cu(cyclam)}5.5{(α–
GeW11O39)Ln(μ–CH3COO)}2] (3–Ln, Ln = Ce, Eu), that resulted in major structural modifications 
in both CuII and LnIII coordination spheres and consequently in the corresponding hybrid 
frameworks. Continuous Shape Measures (CShM) were also performed to determine the 
distortion of the Ln centers upon the gradual dehydration process. The reversibility of such 
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transformations was found to be strongly dependent on the Ln–derivative, as early Ln–
derivatives return to the parent 1–Ln upon air exposure but mid–to–late require to be 
immersed in water to do so. To the best of our knowledge, this is the first time that such 
interesting thermally triggered transformations are observed upon dehydration in these type 
of 2:2 acetate–bridged heterometallic Keggin hybrids. 
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THERMOSTRUCTURAL STUDIES IN 
MULTIDIMENSIONAL STRANDBERG 





In the first section of this chapter, the synthesis and thermostructural 
characterization of two Strandberg–type hybrids built from 3d–cyclam 
complexes have been carried out, namely 
[{Cu(cyclam)}2(H2P2Mo5O23)].4.5H2O (1–CuMo5) and 
[{H2(cyclam)}0.3{Ni(cyclam)}0.7][{Ni(cyclam)}(H2P2Mo5O23)].5H2O (1–
NiMo5). Even though they are isostructural, 1–CuMo5 analogue 
exhibits an interesting 2–fold interpenetrated diamond–like network 
while 1–NiMo5 consist on a 1D covalent assembly, as a consequence of 
the different plasticity of the 3d centers. In the case of 1a–NiMo5, a rare 
thermally activated 1D to 3D SCSC is observed resulting in a similar 
interpenetrated diamond–like framework shown by the hydrated 1–
CuMo5, whereas the latter is able to maintain its 2–fold complex 
architecture upon total dehydration, albeit with significant distortion of 
the initial entangled complex network (1a–CuMo5). In the second 
section, a series of Anderson–type hybrids were prepared and 
characterized, the formula of which are 
[{Cu(cyclam)}3(H6CrMo6O24)2].18H2O (1–CuMo6), [{H2(cyclam)}1.3 
{Zn(cyclam)}0.3] [{Zn(cyclam)}1.4(H6CrMo6O24)2].18H2O (1–ZnMo6) and 
[{Ni(cyclam)}2][{Ni(cyclam)}(H6CrMo6O24)2].18H2O (1–NiMo6). Similar 
to the Strandberg hybrids, despite being isostructural, the difference in 
coordination ability of each 3d–metal results in covalent 
multidimensional architectures comprising 2D, 1D and 0D topologies, 
respectively. While the cell parameters and the relative arrangement of 
building blocks in the asymmetric unit are virtually identical in Cu and 
Zn derivatives, significant structural differences in the geometry of the 
complexes and the distribution of water molecules were observed for 
the 1–NiMo6 analogue, which led to a slightly different and more 
compacted crystal assembly. 
4.1. Introduction 
4.2. Strandberg–type Hybrids  
4.2.1. Experimental Section 
4.2.2. Results and Discussion 
4.3. Anderson–type Hybrids  
4.3.1. Experimental Section 
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THERMOSTRUCTURAL STUDIES IN MULTIDIMENSIONAL 
STRANDBERG AND ANDERSON–EVANS TYPE HYBRID 
HETEROPOLYOXOMOLYBDATES 
4.1 INTRODUCTION 
4.1.1 Polyoxomolybdates: A Brief Introduction 
While polyoxotungstates (POWs) have well–defined pH–dependent stability ranges, most 
of the polyoxomolybdates (POMos) are usually in equilibrium due to their low kinetic but 
comparable thermodynamic stability.1–3 Differences between POMos and POWs are especially 
remarkable when the reduced species are considered, as the former are more easily reduced 
than the latter. In this sense, partial reduction of acidified molybdate solutions allows the 
generation of a variety of building blocks that can be linked together to create very complex and 
large molecular systems via stepwise self–assembly processes.2 Such a considerable structural 
and chemical diversity arises from a combination of favorable kinetic, thermodynamic and 
structural factors, which makes the polyoxomolybdate family unique in chemistry.3 As a result, 
Müller’s group extensively investigated and synthetized numerous giant species with sizes 
comparable to those shown by some proteins as well as unique molecular multifunctional 
architectures and like giant wheel–4 sphere–5 and hedgehog–shaped6 POMos, providing the 
basis for a new era of inorganic– and nanochemistry leading to promising applications in 
materials science.7  
 
Figure 4.1. Predominant species of IsoPOMos in aqueous solution as a function of the pH. 
POMos can form a wide variety of structures, due to the flexibility in the Mo–O–Mo links, 
the easy redox changes particularly involving MoV and MoVI, the different Mo coordination 
numbers possible (particularly 6 and less frequently 7) and the strong hydration stabilization. In 
the majority of POMos structures molybdenum atoms are octahedrally coordinated to six 
oxygen atoms, although coordination polyhedra with four (tetrahedral) and five (square 
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pyramidal and trigonal bipyramidal) oxygen atoms have been also reported. The formation of 
polyoxomolybdates via condensation processes upon acidification of alkaline solutions 
containing the monomeric [MoO4]2– oxoanions is well documented.8 In aqueous solution, the 
molybdate [MoO4]2– ion is the only stable specie above pH 6.5, whereas in the slightly acidic 
region between 4.5 < pH < 6.5 the heptamolybdate or paramolybdate (Mo7O24)6– specie exists 
in equilibrium with [MoO4]2– ions. Further acidification leads to the formation of the well–known 
octamolybdate [Mo8O26]4– polyanion which is stable between pH = 3.0–1.5, although larger 
aggregates like [Mo36O112]8– can be formed when acidified to values below pH < 2 (Figure 4.1), 
which represents the largest known isoPOMos present in solution under non–reducing 
conditions.9 In the acidic region pH < 1 however, the molybdic acid [H2MoO4] precipitates which 
redissolves with further increase in the hydrogen ion concentration.  
Currently, organic derivatives of polyoxomolybdates are considered an active field within 
the POM chemistry. As a result, several POMo–based organic–inorganic hybrid materials (both 
class I and II) comprising different architectures, compositions and topologies have been 
prepared in the last decades via both solvothermal methods and under mild conditions.10,12–18 
The inclusion of different heteroatoms into acidic molybdate solutions under appropriate 
synthetic conditions results in the generation of archetypal POM clusters like Keggin, Wells–
Dawson and Anderson–Evans structures similar to those observed in polyoxotungstate 
analogues,1 as well as some structures that are almost exclusive to the POMo family like the 
Strandberg–type diphosphopentametalate anion. However, comparing to the latter analogues, 
reports on organic−inorganic hybrids based on heteroPOMos building blocks and 3d–
metalorganic complexes are more limited,10 which is mainly due to the lower chemical stability 
of POMos and their lacunary species than that shown by the polyoxotungstate family, 
particularly in aqueous solutions.11  Similarly, IsoPOMo–based hybrids are almost limited to 
{Mo3O10} and {Mo4O18} low–nuclearity clusters, Lindqvist–type {Mo6O19} hexamolybdates and 
the {Mo8O26} octamolybdates (and their related α, β and γ structures),12 as well as some scarce 
reports involving the heptamolybdate {Mo7O24} anion.13 In order to overcome this limitations, 
various authors designed different synthetic approaches have been applied to construct such 
hybrids.14–18 For instance: a) the incorporation of tris–alkoxo ligands into the POM framework 
resulting in a family of polyoxoalkoxometalates,14 b) reacting [MoO4]2– ions in conjunction with 
organophosphonate and organoarsonate ligands resulting in cyclic architectures 15  but also 
Keggin–type derivatives 16  c) functionalization of some HeteroPOMos with amino acids 17  or 
phosphonocarboxylates18, among others. 
Seen in previous chapters that the grafting of metallocyclam moieties to different types 
of POM precursors, namely both polyoxovanadate and –tungstate, afforded interesting hybrid 
structures, we attempted to investigate the possibility of obtaining similar hybrids using 
heteroPOMos building blocks, since the resulting extended polyoxomolybdate–based hybrids 
could potentially result in novel architectures and topologies or even enhanced properties due 
to synergistic relationships between the different building blocks. To achieve that goal, we made 
use of the well–known Strandberg–type diphosphopentamolybdate clusters as well as 
Anderson–Evans chromiumhexamolybdate polyanions. 
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4.1.2 Hybrid Strandberg–type POMos 
Among the versatile polyoxomolybdate catalogue, the diphosphopentamolybdate 
polyanion, [HxP2Mo5O23](6−x)− (x = 0–2), which was first observed as a sodium salt by Strandberg 
back in 1973,19 , namely Na6[P2Mo5O23] 13H2O, can be regarded as a valuable building unit due 
to its ability to link transition–metal complexes through diverse coordination modes,20 that is, 
by terminal O atoms belonging to either the capping phosphate groups or molybdate polyhedra 
and even both, as well as their chemical versatility, since they can be modified easily by 
substitution of the capping phosphate groups by organophosphate and similar pendant 
groups.20a,21 Regarding the latter, many organoderivatives of the Strandberg anion have been 
reported in the last decades, for instance, organophosphonate derivatives ([(RPO3)2Mo5O15]4−, R 
= CH3 , C2H5, Ph, NH2C2H4, CH3CH(NH2), CH3CH(CH3)CH(NH2), CH2C6H4NH2, S–(CH2CH2)2NHCH2, 
crown ether) and phosphite derivative ([(HPO3)2Mo5O15]4−),22 phosphonocarboxylate derivatives 
([(O2CCH2PO3)2Mo5O15]6−,,20b,23 organodiphosphonates derivatives ({(O3PRPO3)–Mo5O15}n4n−; R = 
(CH2)x where x = 2−5, C6H4, Ph−Ph)24. In addition, the Strandberg–type clusters have a relatively 
smaller size and hence, higher charge densities compared to other archetypal POMs such as 
Keggin or Wells–Dawson anions, which could induce more metalorganic cationic fragments to 
coordinate to it favoring the construction of high dimensional hybrid architectures when 
appropriate metalorganic linkers are used. The structure of the Strandberg–type polyanion 
consists in a chiral {Mo5O21} core formed by five edge– and corner–sharing {MoO6} octahedra, 
which is capped with one {PO3(OH)} tetrahedron on both sides of it through corner sharing with 
ideal C2 symmetry (Figure 4.2). Compositional variations of the Strandberg core has met limited 
success over the years, as only {P2W5} and {Se2Mo5} isostructural anions have been reported till 
date. Reports on the former consist in fully inorganic compounds as well as alkylammonium–
containing class I hybrids25 while the latter can be found as inorganic salts and also as ionic 
compounds stabilized by ligands such as ethylendiamine, 4,4’–bipyridine, piperazine and 2–
aminopiridyne.26  
 
Figure 4.2. Polyhedral and ball&sticks representations of the Strandberg–type structure along with some of its 
representative organoderivatives. 
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Although reports on organic–inorganic materials based on these 
heteropolyoxomolybdates and covalently linked transition metal–complexes are still limited 
compared to those involving typical Keggin27  and Anderson–type28  POM analogues, several 
hybrids containing Strandberg–type clusters and diverse 3d–metalorganic moieties showing 
different grafting sites of the complexes and varied dimensionalities have been reported in the 
past decades.20,21,29–37 In such compounds, the terminal oxygen atoms belonging to the capping 
phosphate groups can be either non–protonated ([P2Mo5O23]6−) or protonated, one 
([HP2Mo5O23]5−) or both of them ([H2P2Mo5O23]4−), respectively. In the former cases, the non–
protonated oxygen atoms can partake in the coordination sphere of 3d–metal atoms. In 
contrast, in the organoderivatives ([(RPO3)2Mo5O15]4−, the pending R group does not usually 
participate in coordination towards the transition metal center.20a,22 Regarding the metalorganic 
blocks, the most common 3d metals that can be found in studies involving Strandberg–type 
hybrid structures is CuII by far, followed up by NiII and CoII, and there are a few reports involving 
ZnII and MnII complexes as well. A vast number of different N– or O–donor organic ligands 
showing diverse chemical nature, composition and sizes have been employed in the 
construction of such hybrids, including but not limited to bidentate chelating bipyridine, 
imidazole, pyrazine and some of their respective derivatives as well as some macrocyclic 
polyamines and dicarboxylic acids. It must be noted however that the vast majority of such 
hybrids were prepared using hydrothermal methods, as compounds obtained via mild 
traditional methods are quite limited in comparison. 
For instance, Zubieta’s group prepared numerous organophosphonate–modified {(RP 
O3)2Mo5O15}4– hybrids using bridging binuclear copper(II) complexes of tetra–2–pyridylpyrazine 
(tpypyz) under hydrothermal conditions resulting in both 2D and 3D covalent29  assemblies 
(Figure 4.3). Similarly, Finn and coworkers prepared closely related mono– and bidimensional 
organophosphonate–substituted hybrids using 2,2’–bipyridine or terpyridine organoimines with 
different Cu(II) sources 30  (Figure 4.3). Grafting of bidentate Cu(bpy) moieties yielded the 
extended three–dimensional [H2bpy]2[{Cu(bpy)2}(P2Mo5O23)]·4H2O hybrid framework (bpy = 
4,4–bipyridine) reported by Lu et al. which is formed by metallorganic sheets pillared by 
Strandberg clusters31 (Figure 4.3). In 2008, Wang’s group reported the first enantiomeric chiral 
3D frameworks using NiII complexes of an N–heterocyclic achiral ligand and {HP2Mo5O23} as 
building blocks, which exhibited an unusual triflexural helical motifs. 32  In the same year, 
Ramanan’s group reported the use of Cu(II)–pyrazole complex as templating agent to prepare a 
series of hybrids comprising various dimensional architectures and coordination modes for the 
3d centers 33  (Figure 4.3). Armatas and coworkers prepared an extensive multidimensional 
copper(II)–molybdophosphonate family using binuclear {Cu2(bpyr)}4+ as building blocks to 
connect {(RPO3)2Mo5O15}4– clusters34 (bpyr = bipyrimidine) whereas Su’s group reported a 2D 
supramolecular ionic compound containing mixed copper(II)–complexes of both ethylendiamine 
and 4,4’–bipyridine ligands, namely [{CuI(4,4’–bipy)}2{CuII(en)2}][HP2Mo5O19] 6H2O.35 In 2010, 
DeBurgomaster and coworkers reported a series of low dimensional compounds sharing the 
same cluster in conjunction with CoII, NiII and CuII complexes of diverse ligands such as o–
phenanthroline, terpyridine and 2,2’–bipiridine which resulted in 1D hybrid chains for the Cu 
derivative whereas the other metals yielded discrete decorated clusters.36 Recently, Ou et al. 
prepared two hybrid using transition metal macrocyclic [ML]2+ complexes closely related to the 
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cyclam ligand (L = 5,5,7,12,12,14–hexamethyl–1,4,8,11–tetraazacyclotetradecane, M= Cu, Ni).37 
While the Cu derivative consist on a simple 1D covalent arrangement, the Ni derivative exhibits 
an interesting 3D open–framework with hydrophobic channels along the z axis where the water 
molecules reside (Figure 4.3).  
 
Figure 4.3. Polyhedral representation of representative Strandberg–type hybrids showing different dimensionalities 
as well as coordination modes of the transition metal centers belonging to the metallorganic moieties. Organic 
ligands: tpypyz = tetra–2–pyridylpyrazine, pz = pyrazole, bpy = 4,4–bipyridine, L = 5,5,7,12,12,14–hexamethyl–
1,4,8,11–tetraazacyclotetradecane. 
Recently, some notable properties for these kind of hybrids are being gradually 
recognized which has attracted significant attention towards this interesting heteroPOMo.39–43 
In 2012, Banerjee et al. first reported the proton conductivity of a Cu–phen tricoordinated 
Strandberg–type monodimensional hybrid38 (phen = 1,10–phenanthroline, Figure 4.4). In 2014, 
Song et al reported a series of 3D supramolecular type I hybrids using Ni(II)–bim and –phen 
complexes (bim = 2,2′–biimidazole, phen = 1,10–phenanthroline) displaying good 
electrocatalytic activity in the reduction of H2O2 and strong fluorescent emission in solution.39  
Later, Zhu synthesized three Zn–H2bim–supported {HP2Mo5O23} hybrids (H2bim = 2,2’–
biimidazole), where the N–donor ligand exhibits three different coordination modes (Figure 4.4) 
and evaluated their potential catalytic activity towards the protection of carbonyl compounds 
like cyclohexanona with glycol.40 Similar catalytic studies were conducted in two Cu–bipy grafted 
3D organophosphomolybdate hybrids (bipy = 4,4’–bipyridyl) which also exhibited solid–state 
photoluminiscent properties41 (Figure 4.4). In 2015, Xu and coworkers reported the third–order 
nonlinear optical properties of the hybrid Strandberg [Ni(ntb)(H2O)]2[(H2P2Mo5O23)]·9.25H2O 
(ntb = tris(2–benzimidazylmethyl)amine),42 the covalent 3D framework of which is reinforced by 
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π–π stacking interactions (Figure 4.4). Very recently, Wang’s group reported the synthesis of the 
hybrid [H2pybim]2{[Zn(pybim)2(H2O)(P2Mo5O23)] 5H2O5 (pybim = 2–(3–pyridyl)benzimidazole) 
which consist on a chain–like arrangement43 (Figure 4.4). The authors managed to fabricate a 
hybrid composite material by the combination of nanorod of the former POM and polypyrrole 
via a facile in situ chemical oxidation polymerization process under the initiation of ammonium 
persulfate. Interestingly, the resulting composite exhibited considerably higher photocatalytic 
efficiency compared to that observed for the individual components towards the degradation 
of rhodamine B under the irradiation of visible light. 
 
Figure 4.4. Polyhedral representation of some recent functional Strandberg–type covalent hybrids. Organic ligands: 
bipy = 4,4’–bipyridyl, bim = 2,2′–biimidazole, pybim = 2–(3–pyridyl)benzimidazole, phen = 1,10–phenanthroline, ntb 
= tris(2–benzimidazylmethyl)amine). 
These studies as well as our previous results obtained in prior chapters motivated us to 
make use of the Strandberg–type cluster as inorganic building block to construct extended 
hybrid systems upon combination with metallocyclam complexes, which will be discussed in the 
first section of this chapter. 
4.1.3 Hybrid Anderson–Evans type POMos 
One of the most common polyoxometalates is the Anderson–Evans cluster with the 
general formula [HyXM6O24]n− (y = 0–6, n = 2–8, M = MoVI or WVI and X = central heteroatom), 
although heptaprotonated species have also been reported.44 The structure of this archetypal 
POM was first proposed by Anderson back in 1937 for the [TeVIMo6O24]6− cluster45 and was 
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confirmed with X–ray diffraction experiments by Evans nearly ten years later.46 The Anderson–
Evans polyoxoanion is composed of six edge–sharing {MO6} octahedra surrounding a central, 
edge–sharing heteroatom of octahedral geometry (XO6) leading to a planar arrangement with 
an approximate D3d symmetry.46  Three different coordination modes of oxygen atoms are 
found in the structure: six triple–shared oxygen atoms (μ3–O) connect the heteroatom and two 
addenda atoms, whereas six double–bridged oxygen atoms (μ2–O) connect two addenda atoms 
and two terminal oxygen atoms (Ot) are connected to each of the six addenda atoms (Figure 
4.5). These POMs can be roughly divided into two main types:47 the non–protonated A–type 
with central heteroatoms in high oxidation states with the general formula [Xn+M6O24](12–n)– (X = 
e.g., TeVI,48 IVII 49) and the hexaprotonated B–type with heteroatoms in low oxidation states and 
the general formula [Xn+(OH)6M6O18](6–n)–(X = e.g., CrIII,50 FeIII51), with the six protons usually being 
located on the six μ3–O atoms surrounding the heteroatom.47 Anderson–Evans–type structures 
have also been elucidated with the octahedral heteroatom being replaced by trigonal pyramidal 
or tetrahedral atoms such as VV,52 AsV 53 and TeIV 54) on each side of the planar structure keeping 
the hexameric ring intact. 
 
Figure 4.5. Polyhedral and ball&sticks representation of the Anderson–Evans cluster highlighting the three distinct O 
atoms along with the types of single– and double–sided tris–functionalized hybrids. 
From the compositional point of view, the {XMo6} system incorporates a greater variety 
of heteroatoms than the analogue {XW6} system. All first–row transition metals except for Sc, Ti 
and V have been described in the literature to act as a heteroatom in the former system. In 
contrast, {XW6} system exist with MnII/IV55 and NiII56 forming the B–type Anderson–Evans POM, 
incorporating six hydrogen atoms which is rather unusual when W act as addenda atoms. 
Interestingly, given the large number of hybrid structures containing MnIII as heteroatom, no 
inorganic crystal structure exist till date even though synthesis and spectroscopic evidence has 
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been obtained.57 Out of the heavier transition metal centers, only noble metals have been 
reported to be able to enter so far into the addenda ring of both {XMo6} and {XW6} systems. 
Post–transition metals and metalloids are also represented with AlIII, GaIII, SbV, TeVI and IVII within 
the {XMo6} system as well as SbV and TeVI in the {XW6} system. In contrast, noble metals like 
RuII/III and RhII are not represented in either system and several of the first–row transition metals 
are missing in the case of {XW6} system such as Cr, Fe, Co and Cu. The majority of the alkali and 
alkaline–earth metals as well as the entire lanthanide series, however, have been employed as 
countercations as well.44 
Regarding Anderson–based organic–inorganic hybrids, one extensively studied yet 
elegant method consist on the replacement of shell oxygen atoms of the clusters by O– or N– 
donor ligands, which is exemplified by the used of trisalkoxoligands. The six protons attached to 
μ3–O atoms (Figure 4.5) of the B–type cluster can be replaced with a wide variety of trisalkoxo–
ligands (RC(CH2OH)3, R = e.g., NH2, OH, CH2OH, and further derivatization with imine and amide 
bonds either before or after attachment to the POM.58 The tris–ligands can be synthesized first 
and then grafted onto the POM (pre–functionalization) or tris–ligands can further be modified 
by organic reactions after attachment onto the POM (post–functionalization).59 They may cap 
either a tetrahedral cavity by connecting to two μ3–O atoms and one μ2–O atom (χ–isomer, 
Figure 4.5) or cap the heteroatom connecting to three μ3–O atoms (δ–isomer, Figure 4.5).60 Due 
to the high symmetry of the inorganic Anderson–Evans cluster and the presence of protonated 
μ3–O atoms on both sides of the planar structure, functionalization with tris–ligands naturally 
results in double–sided products but both isomers can be synthesized single–sided too (Figure 
4.5). All known tris–functionalized systems belong to the {XMo6} system with the majority of 
them containing MnIII or CrIII heteroatoms. Compared to the pure inorganic structures, this field 
is mostly unexplored in terms of heteroatoms but the variety in ligands attached onto has seen 
far more variety and is still increasing in a fast pace. 
On the other hand, grafting of metalorganic moieties results in decoration through 
terminal O atoms of the clusters and several of such multidimensional hybrids have been 
reported along the past two decades. In particular, a wide variety of neutral N–donor ligands 
including pyridine–, pyrazine, imidazole–, triazole–, and tetrazole–based ligands have been 
succesfully introduced into the Anderson cluster family.61 However, reports on the combination 
between Anderson–type POMs and 3d–metalorganic moieties based on N–donor and N/O–
donor ligands are relatively limited, especially those showing high dimensional architectures.62 
In regards to the {CrMo6} cluster, the vast majority of such hybrids were prepared using CuII as 
the 3d–coordination metal in conjunction with a wide variety of ligands including 2,2’–
bipyridine63  pyrazole,64  as well as phenantroline–,65  piperazine–66  and nicotine–derivatives67 
and also some aminoacids like glycine,68 alanine69 and histidine70. Some examples using Co, Ni 
and Zn divalent atoms can be found in the literature as well, although these compounds consist 
exclusively in pyrazine (Co, Ni, Zn),71 piridyl– and pyrazine–carboxylate derivatives (Co, Ni)72 as 
well as asparagine aminoacid (Zn).73 A few hybrids containing Mn have been also published, 
these compounds being limited to pyridylacrylic acid ligands 74  and metal–Schiff–base 
complexes.76,77 Incorporation of Fe centers as ferrocinium derivatives into this cluster was also 
reported by Golhen et al almost two decades ago.75 
Strandberg and Anderson‒Evans Hybrid Heteropolyoxomolybdates | 
  165 
 
Figure 4.6. Polyhedral representation of some recent functional hybrids containing the Anderson–type {CrMo6} 
building blocks. Organic ligands: L1 = N, N’–bis(3–pyridinecarboxamide)–piperazine, L2 = N,N’–bis(4–
pyridinecarboxamide)–piperazine, salen = N,N’–ethylene–bis(salicylideneiminate, 4–atrz = 4–amino–1,2,4–triazole. 
Recently, various studies showing the applicability of hybrids constructed from {CrMo6} 
inorganic building blocks have been carried out, which have attracted our interest towards this 
cluster. In 2009, Wu et al. achieved the incorporation of [Mn(salen)(H2O)]2(ClO4)2(H2O)] 
metalorganic moieties (salen = N,N’–ethylene–bis(salicylideneiminate), into this 
chromiumhexamolybdate systems leading to the isolation of a discrete Anderson–type hybrid 
material with single–molecule magnetic behavior.76 In 2011, the same authors reported yet 
another similar combination of heteropolyoxomolybdates and metal–Schiff–base complexes in 
the hybrid dicoordinated [{Mn(salen)2(H2O)}2(H6CrMo6O24)](arg)·11H2O (arg = L–arginine) 
compound (Figure 4.6) which exhibited high catalytic activity towards the photodegradation of 
rhodamine B with UV irradiation.77 Later, Zhang’s group reported the hydrothermal synthesis of 
two 3D {CrMo6}–based metal–organic frameworks built by isomeric bis(pyridilformyl)piperazine 
ligands, namely, [H{Cu2(μ2–OH)2L1}(H6CrMo6O24)]·4H2O and 
[{Cu2L2(H2O)4}(H6CrMoVI5MoVO18)]·4H2O (L1 = N, N’–bis(3–pyridinecarboxamide)–piperazine, L2 
= N,N’–bis(4–pyridinecarboxamide)–piperazine). In the former structure, the hexadentate 
polyoxoanion bridges the CuII centers to generate a 2D Cu–POM inorganic layer, which is further 
extended by the μ2–bridging L1 ligands via ligation of pyridyl nitrogen atoms (Figure 4.6). In 
contrast, the latter is constructed from the quatridentate mixed–valence polyoxoanions and μ4–
bridging L2 ligands via ligation of both pyridyl nitrogen and carbonyl oxygen atoms (Figure 4.6). 
Both compounds show remarkable photocatalytic activities for the degradation of methylene 
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blue organic dye under UV, visible and sunlight irradiation.78 Similar photocatalytic studies were 
conducted by the same group in the ladder–like chains observed in 
H{CuL30.5[H6CrMo6O24](H2O)}·0.5L3 as well as in the extended network 
[{Cu2(L4)}2(H5CrMo6O24)(H2O)2}·2H2O (L3 = N,N’–bis(3–pyridinecarboxamide)–1,2–ethane, L4 = 
N,N’–bis(3–pyridinecarboxamide)–1.3–propane), which exhibited remarkable activity in the 
photodegradation some organic dyes like methylene blue and rhodamine B under UV and visible 
light irradiation.79 
Grafting of Cu(II) complexes of the multidentate 4–amino–1,2,4–triazole (4–atrz) ligand 
resulted in an interesting 1D linear arrangement where the [H6CrMo6O24]3– anions hang on two 
sides of the chains constituted by trinuclear [Cu3(4–atrz)6]6+ cationic moieties (Figure 4.6).80 
Systematic studies carried out by Wang et al. on the effect of different types of polyoxoanions 
and pH values of the reaction medium on the self–assembly process resulted in the preparation 
of two Anderson–type hybrids with different dimensionality using a semi–rigid bis–pyridil–bis–
amide ligand.81  While {[CuII2L52(μ2–OH)[H6CrMo6O18]·4H2O}·4H2O compound (L5 = 1,4–bis(3–
pyridinecarboxamido)benzene), shows a 2D network constructed from inorganic Cu2–CrMo6 
chains and bidentate L5 ligands (pH = 4.1). When the pH was adjusted to 4.8, the 3D framework 
of {CuI2CuII2L5(μ3–OH)2[H5CrMo6O24]·6H2O}·4H2O was obtained, where {CrMo6} clusters are 
connected by adjacent [CuI2CuII2(μ3–OH)2(H2O)6]4+ subunits to form a Cu4–{CrMo6} inorganic 
chains that are further connected to L5 ligands giving rise to the 3D network. Both compounds 
also showed remarkable photocatalytic activity for the degradation of methylene blue under 
sunlight and UV irradiation. In 2016, two hybrids based on pyridincarboxamide–derivatives were 
hydrothermally prepared by Wang’s group, namely, {Cu5(μ2–OH)2(4–
dpye)2}[H5CrMo6O19]2(H2O)10 and {Cu(4–Hdpye)}[(H6CrMo6O24)(H2O)2]·2H2O (4–dpye= N,N’–
bis(4–pyridinecarboxamide)–1,2–ethane). Their electrochemical behavior and electrocatalytic 
activity towards the reduction of bromate and hydrogen peroxide were evaluated, as well as the 
selective photocatalytic properties and adsorption of organic dyes (congo red and methylene 
blue).82 Very recently, Gong et al. prepared an organic–inorganic hybrid material consisting on a 
flexible organic amine modified, namely tris[(2–pyridyl)methyl]amine, in conjunction with 
Anderson–type {CrMo6} heteroPOMo with excellent activity towards the degradation of 
pararosaniline hydrochloride organic dye. 83  These studies further confirms the excellent 
photocatalytic activities of Anderson–type POMo–based hybrids. 
Taking all this into account, it can be summarize that the Anderson–Evans archetype is a 
highly flexible POM cluster that allows modification from several point–of–views; (a) it can 
incorporate a large number of different heteroatoms differing in size and oxidation state, (b) it 
can incorporate inorganic and organic cations and molecules demonstrating different 
coordination motifs, and (c) covalent attachment with tris(hydroxymethyl)methane ligands 
allows it to be combined with specific organic functionalities. Recent studies regarding 3d–
complexes combined with {CrMo6} clusters results in interesting photocatalytic as well as 
electrochemical properties for the latter. Because all of this, we decided to use this interesting 
building block in conjuction with metallocyclam moieties to construct similar novel extended 
hybrid architectures that could display such interesting properties and/or architectures. 
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4.1.4 SCSC transformations in POMos 
As mentioned in previous chapters, the occurrence of SCSC transformations in POM–
based compounds is dominated by heteropolyoxotungstate–based compounds. In regards to 
stimuli–responsive POMos, just a handful reports can be found in the actual literature involving 
such type of polyoxoanions. Interestingly, all of them show polymorphism phenomenon at low 
temperature. 
The first reported study on a SCSC transformation phenomenon associated with 
temperature–dependent polymorphism in POM–based compounds dates back to 2008, when 
Zhang and coworkers reported the structures of the room– and low– temperature polymorphs 
of a Tm–containing Anderson–Evans type [Tm2(H2O)14H6CrMo6O24][H6CrMo6O24]·16H2O 
heteroPOMo.84 The room temperature P–1 triclinic polymorph undergoes a thermally triggered 
SCSC transformation upon cooling at 113 K with retention of the space group which also is 
accompanied by important changes in the lattice parameters of the resulting low–temperature 
polymorph. The drastic modification below 113 K of the unit cell dimensions is due to subtle 
variations in the atomic sites of the constituents, which break the centrosymmetry on anionic 
clusters and polyoxocations upon cooling. The authors demonstrate that the interconversion 
between both polymorphs is fast and reversible as the lattice parameters of the low–
temperature polymorph can be recovered just by heating above 113 K. When Kortz et al. 
prepared the previously reported the monoclinic C2/c [C(NH2)3]6[Mo7O24]·H2O heptamolybdate 
phase 85  in an attempt to synthetize a guanidinium salt of a dimethyltin–containing 
phosphotungstate, a monoclinic P21/c polymorph was found on cooling a single crystal of the 
former to 173 K to perform a full data collection.86 The crystal packing is essentially preserved 
upon the crystalline phase transition, but the disordered species in the room–temperature 
polymorph become located in fixed positions at 173 K, which produced the breakage of the 
symmetry from the parent C2/c in the room–temperature structure to the final P21/c in the low–
temperature polymorph. As a result, this SCSC transformation is accompanied by subtle changes 
in the supramolecular network of intermolecular N–H···O hydrogen bonds for the low–
temperature polymorph compared to the initial C2/c structure. 
Temperature–driven polymorphic behavior was also observed by Banerjee et al. who first 
reported the proton conductivity of a Cu–phen tricoordinated Strandberg–type hybrid (phen = 
1,10–phenanthroline), namely [{Cu(phen)(H2O)}3(P2Mo5O23)]·5H2O,38 that undergo a totally 
reversible thermally activated phase transition upon dehydration. Unfortunately, even though 
the authors studied the reversibility of such transformation by PXRD and optical images, they 
did not structurally characterized the anhydrous phase. In contrast, Neumann and coworkers 
conducted thermostructural studies for the V–disubstituted H5PV2Mo10O40·8H2O Keggin–type 
phosphomolybdic acid, which undergoes a SCSC transition between two different triclinic P−1 
phases upon cooling to 120 K.87 The octahydrate form of the H5PV2Mo10O40 heteropolyacid was 
prepared by partial removal of the solvent molecules of the parent compound 
H5PV2Mo10O40·36H2O by slightly heating to 40 °C. This compound was obtained by 
recrystallization of the well–known acidic species88 from aqueous solution and its dehydration 
into the octahydrate form proceeded via two sequential SCSC transformations promoted by 
gradual dehydration into the partially hydrated intermediates [H5PV2Mo10O40]·14H2O and 
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[H5PV2Mo10O40]·8H2O with sequential contraction of the crystal packing. Full dehydration of the 
latter takes place at temperatures around 100 °C and results in the formation of an amorphous 
powder as shown by variable–temperature powder XRD studies. The authors showed that this 
process is fully reversible toward the parent fully hydrated form and that rehydration proceeds 
with recovery of the crystallinity, although they do not provide any indication about the 
reversibility of the crystal phase transition concerning the temperature–dependent polymorphic 
phase. 
4.1.5 Summary 
In the first section of this chapter, the synthesis and thermostructural characterization of 
two Strandberg–type hybrids built from 3d–cyclam complexes (cyclam = 1,4,8,11–
tetraazacyclotetradecane) have been carried out, namely [{Cu(cyclam)}2(H2P2Mo5O23)].4.5H2O 
(1–CuMo5) and [{H2(cyclam)}0.3{Ni(cyclam)}0.7][{Ni(cyclam)}(H2P2Mo5O23)].5H2O (1–NiMo5). 
Even though they are isostructural, 1–CuMo5 analogue exhibits an interesting 2–fold 
interpenetrated diamond–like network while 1–NiMo5 consist on a 1D covalent assembly, as a 
consequence of the different plasticity of the 3d centers. Both hybrids undergo reversible 
thermally triggered single–crystal–to–single–crystal (SCSC) transformations upon dehydration 
(1a–MMo5) with drastically different outcomes. In the case of 1a–NiMo5, a rare 1D to 3D SCSC 
is observed resulting in a similar interpenetrated diamond–like framework shown by the 
hydrated 1–CuMo5, whereas the latter is able to maintain its 2–fold complex architecture upon 
total dehydration, albeit with significant distortion of the initial entangled complex network. In 
the second section a series of Anderson–type chromohexamolybdate hybrids have been isolated 
from aqueous solution upon coordination to 3d–metallocyclam complexes, namely 
[{Cu(cyclam)}3(H6CrMo6O24)2].18H2O (1–CuMo6), 
[{H2(cyclam)}1.3{Zn(cyclam)}0.3][{Zn(cyclam)}1.4(H6CrMo6O24)2].18H2O (1–ZnMo6) and 
[{Ni(cyclam)}2][{Ni(cyclam)}(H6CrMo6O24)2].18H2O (1–NiMo6). Despite being isostructural, the 
difference in the chemical nature and coordination ability of each transition metal results in 
covalent multidimensional architectures including “bow–tie” bi–dimensional arrangements, 1D 
chain–like assemblies and 0D discrete topologies, respectively. While the cell parameters and 
the relative arrangement of building blocks in the asymmetric unit, are virtually identical in Cu 
and Zn derivatives, significant structural differences in the geometry of the metalorganic 
complexes as well as the distribution of water molecules were observed for the 1–NiMo6 
analogue, which led to a slightly different and more compacted crystal assembly. 
4.2 STRANDBERG‒TYPE HYBRIDS 
4.2.1 Experimental Section 
Materials and methods 
The t–butylammonium diphosphopentamolybdate salt precursor, namely 
[(CH3)3CNH3]4[H2P2Mo5O23]·5H2O, was synthesized according to literature methods and 
identified by infrared (FT–IR) spectroscopy. 89  All other chemicals were obtained from 
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commercial sources and used without further purification. Carbon, hydrogen and nitrogen were 
determined on a Perkin–Elmer 2400 CHN analyzer. FT–IR spectra were obtained as KBr pellets 
on a SHIMADZU FTIR–8400S spectrometer (Figure A4.1 in the Appendix). Thermogravimetric 
(TGA) analyses were carried out from room temperature to 700 °C at a rate of 5 °C min–1 on a 
Mettler Toledo TGA/SDTA851e thermobalance under a 50 cm3 min–1 flow of synthetic air. 
Powder X–ray diffraction (PXRD) patterns were collected on a Bruker D8 Advance diffractometer 
operating at 30 kV/20 mA and equipped with Cu Kα radiation (λ = 1.5418 Å), a Vantec–1 PSD 
detector, an Anton Parr HTK2000 high–temperature furnace, and Pt sample holder (Figure A4.2 
in the Appendix). The powder patterns (PXRD) were recorded in 2θ steps of 0.033° in the 5 ≤ 2θ 
≤ 35 range with an exposure time of 0.3 s per step. Data sets were acquired from 30 to 570 °C 
every 20 °C, with a heating rate of a 0.16 °C s−1 
Synthetic procedure 
[{Cu(cyclam)}2(H2P2Mo5O23)].4.5H2O (1–CuMo5). A solution of CuSO4·5H2O (0.050 g, 0.20 
mmol) and cyclam (0.040 g, 0.20 mmol) in aqueous 1M NaCl (10 mL) was added dropwise to an 
aqueous 1M NaCl (15 mL) solution containing the [(CH3)3CNH3]4[H2P2Mo5O23]·5H2O (0.130 g, 
0.10 mmol) preformed precursor. The mixture was stirred for 1 h at room temperature and then 
filtered to remove a purple solid. The resulting dark purple solution was left to slowly evaporate 
in an open container at room temperature and purple block–like crystals suitable for X–ray 
diffraction were obtained after 2 days. The filtered purple solid was later confirmed to be pure 
1–CuMo5. Total combined yield: 44 mg (29% based on the precursor). Anal. Calcd (found) for 
C20H59Cu2Mo5N8O27.5P2: C, 15.80 (16.03); H, 3.91 (4.01); N, 7.37 (7.47). IR (cm–1): 3254(s), 3215(s), 
2926(m), 2870(m), 1647(m), 1458(m), 1430(m), 1327(w), 1296(w), 1248(w), 1119(s), 1096(m), 
1065(m), 1047(s), 1010(s), 920(s), 885(s), 673(s), 577(m), 544(m), 502(m), 447(m), 428(m). 
[{Cu(cyclam)}2(H2P2Mo5O23)]·(1a–CuMo5). The anhydrous derivative was obtained by 
heating single–crystals of 1–CuMo5 at 150 °C in an oven for 1 h, which resulted in a slight color 
change of the crystals. 
[{H2(cyclam)}0.3{Ni(cyclam)}0.7][{Ni(cyclam)}(H2P2Mo5O23)].5H2O (1–NiMo5). The 
synthesis method is similar to that of 1–CuMo5 except that Ni(NO3)3·5H2O ( 0.070 g, 0.20 mmol) 
was used instead of the copper salt. The mixture was stirred for 1 h and then filtered to remove 
a yellowish solid which was later confirmed to be a 1–NiMo5 in impure bulk form. The resulting 
dark orange solution was left to slowly evaporate in an open container at room temperature 
and orange block–like crystals suitable for X–ray diffraction were obtained the next day. Yield: 
24 mg (17% based on the precursor). Anal. Calcd (found) for C20H60.6Mo5N8Ni1.70O28P2: C, 15.98 
(16.19); H, 4.06 (4.31); N, 7.46 (7.60). IR (cm–1): 3283(s), 3252(s), 2922(m), 2864(m), 1628(m), 
1458(m), 1429(m), 1337(w), 1294(w), 1249(w), 1124(s), 1097(s), 1009(s), 1065(sh), 1047(s), 
916(s), 889(m), 677(m), 575(m), 534(m), 500(m), 443(m), 419(m), 407(m). 
[H2(cyclam)]0.3[{Ni(cyclam)}1.7(H2P2Mo5O23)] (1a–NiMo5). The anhydrous derivative was 
obtained by heating single–crystals of 1a–NiMo5 at 150 °C in an oven for 1 h. 
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Single–crystal X–ray crystallography 
Crystallographic data for Strandberg–type hybrids 1–MMo5 and 1a–MMo5 (M = Cu, Ni) 
are given in Table 4.1. Intensity data were collected on an Agilent Technologies Super–Nova 
diffractometer which was equipped with monochromated Mo Kα (λ = 0.71073 Å) and Eos CCD 
detector. The data collection of 1–CuMo5 and 1–NiMo5 compounds was carried out at 100 K. 
In the case of the anhydrous Strandberg–type hybrids, 1a–CuMo5 and 1a–NiMo5, a single 
crystal of each phase was heated in an oven to 403 K at a rate of 1 K min–1 to achieve full 
dehydration, and immediately afterwards covered with mineral oil and placed under the N2 
stream of the diffractometer, which was ready to perform a full data collection at 100 K. Data 
frames were processed (unit cell determination, analytical absorption correction with face 
indexing, intensity data integration and correction for Lorentz and polarization effects) using the 
CrysAlis Pro software package.90 The structures were solved using OLEX291 and refined by full–
matrix least–squares with SHELXL–2014/6.92  Final geometrical calculations were carried out 
with PLATON93 as integrated in WinGX.94  
Table 4.1. Crystallographic data for 1–MMo5 and 1a–MMo5 (M = Cu, Ni) Strandberg–type hybrids. 
 1–CuMo5 1a–CuMo5 1–NiMo5 1a–NiMo5 








fw (g mol–1) 1520.5 1439.4 1502.81 1412.73 
crystal system monoclinic monoclinic monoclinic monoclinic 
space group P2/n P21/n P2/n P2/n 
temperature (K) 100(2) 100(2) 100(2) 100(2) 
a (Å) 13.6609(5) 13.8438(5) 13.815(2) 14.9096(11) 
b (Å) 12.4151(3) 24.9486(7) 12.294(2) 10.9800(9) 
c (Å) 14.0678(5) 13.2666(5) 13.839(2) 12.8916(11) 
 () 90. 90 90 90.00 
 () 104.786(4) 109.791(4) 103.656(16) 104.128(9) 
 () 90 90 90 90.00 
V (Å3) 2306.90(14) 4311.4(3) 2283.9(7) 2046.6(3) 
calc (g cm–3) 2.189 2.218 2.185 2.292 
 (mm–1) 2.384 2.537 2.183 2.419 
λ(Å) 0.71073 0.71073 0.71073 0.71073 
collected reflns 15395 29701 16686 14143 
unique reflns (Rint) 4056 (0.0259) 7600 (0.0597) 4019 (0.1038) 3589 (0.0893) 
obsd reflns [I > 2(I)] 3756 6195 3323 2810 
parameters 367 546 431 271 
R(F)a [I > 2(I)] 0.0373 0.0404 0.0587 0.0584 
wR(F2)b [all data] 0.0894 0.0925 0.1470 0.1479 
GoF 1.057 1.102 1.062 1.043 
aR(F) = Σ||Fo–Fc||/Σ|Fo|; bwR(F2) = {Σ[w(Fo2–Fc2)2]/Σ[w(Fo2)2]}1/2 
Thermal vibrations were treated anisotropically for all non–H atoms in all compounds. 
Hydrogen atoms of the organic ligands were placed in calculated positions and refined using a 
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riding model with standard SHELXL parameters. Three positions suitable for water molecules of 
hydration were located in the Fourier maps of both 1–CuMo5 and 1–NiMo5 and their occupancy 
was initially refined without restrictions. The resulting total number of 2.63 and 2.27 water 
molecules per half Strandberg cluster was fixed to 2.50 and 2.25 during the final refinement for 
1–CuMo5 and 1–NiMo5 respectively, as indicated by the TGA experiments. For 1–CuMo5, 1–
NiMo5 and 1a–NiMo5 some organic ligands were disordered into two positions (labelled A and 
B or C and D) and refined with variable occupation (1–CuMo5: A 0.65, B 0.35; 1–Ni: A 0.50, B 
0.50 and C 0.68, D: 0.32; 1a–NiMo5: C 0.51 and 0.49 and then fixed at those values. 
4.2.2. Results and Discussion 
Synthesis 
As commented above, the vast majority of hybrid Strandberg were prepared following 
hydrothermal methods. This synthetic protocol has some advantages (i.e. increasing solubility 
of reactants and reactivity) but special apparatus and high energy consumption are necessary, 
and so aqueous synthesis is always preferred as it is more consistent with eco–friendly 
philosophy. Taking this into account, we carried out the initial synthesis of 1–CuMo5 by reacting 
the preformed tert–butylammonium dihidrogendiphosphopentamolybdate 
[(CH3)3CNH3]4[H2P2Mo5O23]·5H2O precursor with cyclam and a copper(II) sulfate salt in aqueous 
medium at room temperature. This way, a few single crystals of 1–CuMo5 were obtained after 
3 weeks upon slow solvent evaporation. It must be noted that the reaction yield was really low 
in these synthetic conditions (less than 5% based on the precursor) which is due to the formation 
of large amounts of a purple precipitate as the reaction proceeds. Fortunately, this precipitate 
was later identified as the title compound in pure bulk form as evidenced by both FT–IR and 
PXRD analyses which together with the crystals resulted in a total combined yield of 10% based 
on the precursor (Figures A4.1 and A4.2 in the Appendix). Similar results were observed when 
using different Cu(II) salts (acetate, nitrate and chloride) evidencing an absence of any potential 
template effect in this particular reaction. 
In order to raise the overall reaction yield, we increased the ionic strength of the medium 
by performing similar reactions in 1M NaCl medium, as this proved to be a viable way to rise the 
reaction yield as well as crystallization speed in our previous work.30 Fortunately, the change in 
solvent favoured both the crystallization speed and the reaction yield as we initially intended 
and pure block crystals of 1–CuMo5 were isolated after just 2 days with a drastic increase in the 
overall yield (13% yield based on the precursor). The purple precipitate formed during this 
reaction was also analysed by FT–IR and PXRD techniques and fortunately, those measurements 
revealed that it was indeed pure 1–CuMo5 which together with the crystalline fraction summed 
up to a total yield of 29%. In contrast, the temperature did not affect the reaction in any 
apparent way as evidenced by analogous reactions carried out from 50 °C to refluxing 
conditions, which led to our compound in comparable yields. The influence of the pH in this 
particular H2P2Mo5O23: Cu: cyclam synthetic system, however, did have a notable influence in 
the reaction outcome. The initial pH of the reaction was 3.5 and it led to 1–CuMo5 as a single, 
homogeneous crystalline phase with a significantly higher yield (13% based on the precursor) 
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than that observed in the absence of NaCl (less than 5%). When the pH was adjusted with NaOH 
0.1 M in the range 4.0–6.0, however, 1–CuMo5 was also isolated but as both crystals and as 
polycrystalline powder after 1 week. Even though the overall yield remained comparable in this 
specific pH range it is worth mentioning that as the medium became less acidic the 
polycrystalline powder became the major fraction. Above this pH value up to 12.0 no identifiable 
solid product could be obtained upon total solvent evaporation whereas when the pH was 
acidified with 0.1 M HCl to values below 3.0 only block crystals of NaCl were isolated from the 
mother liquors. The purple precipitate formed when the pH was adjusted in the range 3.0–6.0 
corresponded to pure 1–CuMo5 in all cases whereas reactions where the pH was higher or lower 
resulted in precipitates which could not be further characterized.  
We also tried to prepare analogous hybrids using other divalent transition metals (MnII, 
CoII, NiII, and ZnII) instead of CuII, but unfortunately, only the reaction where Ni was used resulted 
in a crystalline material upon solvent evaporation (1–NiMo5). In this case, significantly less 
precipitate was formed during the reaction and thus, the yield of the crystals of 1–NiMo5 was 
higher compared to that of 1–CuMo5 (17% and 13%, respectively). However, the PXRD patterns 
of that precipitate did not correspond to that of the simulated pattern from the single crystal 
data of 1–NiMo5, as opposed to the case when Cu was used as metal source and hence, the 
total yield is higher for the Cu derivative. Moreover, when Mn and Co were used as 3d–metal 
source, the PXRD patterns of the formed precipitates did not correspond to the simulated ones 
of 1–CuMo5 or 1–NiMo5 in the case of Mn while the analogous precipitate of Co showed almost 
no crystallinity. For the reaction involving Zn, however, the resulting precipitate could be 
identified as a mixture of an isostructural phase but in impure bulk form on the basis of PXRD 
and its FT–IR spectrum further corroborates it (Figures A4.1 and A4.2 in the Appendix). 
Unfortunately, single–crystals of neither the isostructural Zn–containing phase nor the Mn–
phase could not be obtained despite our efforts. 
Vibrational and thermostructural characterization of 1–CuMo5 and 1–NiMo5 
The initial characterization of compounds 1–CuMo5 and 1–NiMo5 was performed by FT–
IR analyses. Even though some differences can be observed, the inorganic region of the infrared 
spectra of 1–MMo5 compounds is highly reminiscent of that of the 
dihydrogendiphosphopentamolybdate precursor (Figure 4.8). In this sense, the wide strong 
band arising from the “breathing modes” of the POM shifted to slightly lower wavenumbers in 
the hybrids while the absorption bands originating from the ν(Mo–Ot) and ν(Mo–Ot) vibrations 
remained almost invariable. The same behavior was observed in the δ(P–Ob) and δ(Mo–Ot) 
flexion modes in the low wavenumber area. However, some of the ν(P–Ob) bands split into 
weaker signals at around 1050 cm–1. Regarding the metal–organic region of the FT–IR spectra, 
the peaks associated with the stretching of the –N–H and –C–H bonds of the cyclam ligand are 
respectively observed at around 3150 and 2860 cm–1, whereas several weak to medium signals 
corresponding to the δ(C–H) and ν(N–C) vibration modes are also present in the 1490–1230 and 
1100–1000 cm–1 ranges. 
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Figure 4.8. FT–IR spectra of 1–CuMo5 and 1–NiMo5 hybrids along with that of the precursor highlighting the inorganic 
region. 
Thermal stability of 1–CuMo5 and 1–NiMo5 hybrids was studied by TGA experiments, 
which show that both hybrids decompose in a similar manner through three mass loss stages 
(Figure 4.9). The first stage starts from room temperature to ca. 110 °C and corresponds to the 
evacuation of all water molecules of hydration. The experimental mass loss corresponds to 4.5 
and 5 water molecules per Strandberg cluster (calcd. 5.26% and 5.98%, found 5.27% and 5.51% 
for 1–CuMo5 and 1–NiMo5, respectively). After this stage a notable range of thermal stability 
can be observed for the anhydrous phases 1a–CuMo5 and 1a–NiMo5, which extends up to ca. 
260 °C. After that, the anhydrous phases undergo further decomposition through two 
overlapping mass loss stages which are associated with the combustion of the cyclam ligands 
and the consequent breakdown of the inorganic framework. The overall mass loss for these two 
stages is in good agreement with two cyclam ligands per Strandberg anion (calcd. for 2C10H24N4 
26.83% and 26.75%; found 27.20% and 27.73% for 1–CuMo5 and 1–NiMo5, respectively). The 
final residue is obtained at temperatures above 580 °C for both compounds (calcd. for 
Cu2Mo5O23P2 68.00%, found 67.51%; calcd. for Mo5Ni1.7O23P2 67.50%, found 66.80%). Variable–
temperature powder X–ray diffraction measurements (TPXRD) between 30 and 570 °C show that 
both hybrids 1–CuMo5 and 1–NiMo5 maintain their crystallinity upon total dehydration up to 
temperatures in the 230 to 250 °C range (Figure 4.9). Important modifications in the positions 
and intensities of several diffraction maxima are observed at temperatures above 70 and 90 °C 
for 1–CuMo5 and 1–NiMo5, respectively, indicating that a phase transition took place while 
heating. This modified diffraction pattern is conserved until the amorphization of the samples 
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suggesting that the anhydrous phases 1a–CuMo5 and 1a–NiMo5 share a virtually identical 
crystal packing to that of the partially dehydrated samples at 70–90 °C.  
 
Figure 4.9. TPXRD measurements for 1–CuMo5 and 1–NiMo5 highlighting the two distinct patterns along with the 
corresponding TGA curves and digital photographs of each phase as well as the comparison between the experimental 
PXRD patterns and those simulated from the single–crystal XRD data. 
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Above the dehydration temperature of ca. 120 °C, the crystalline 1a–CuMo5 and 1a–
NiMo5 phases become amorphous at temperatures above 230 and 250 °C respectively, which 
nearly corresponds to the beginning of the ligand combustion stage in the TGA curves above. 
Signs of new high–temperature phases start appearing at ca. 410 °C and are defined enough at 
550 °C for being identified as a mixture of orthorhombic Pbnm MoO3 (PDF: 00–035–0609)95 and 
the corresponding metallic phosphate, that is, the monoclinic C2/c Cu2P2O7 (PDF: 00–044–
0182),96 in the case of 1–CuMo5 and the monoclinic B21/c phase of Ni2P2O7 (PDF: 01–074–
1604)97 for 1‒NiMo5, in an approximate 2:3 ratio (Figures A4.3 and A4.4 in the Appendix). 
Crystal structures of 1–CuMo5 and 1–NiMo5  
The isostructural 1–CuMo5 and 1–NiMo5 hybrids crystallize in the orthorhombic P2/n 
space group. The asymmetric unit of 1–CuMo5 contains one half two–fold symmetric 
Strandberg–type {H2P2Mo5O23}4– cluster, two half {Cu(cyclam)} grafted moieties and 4.5 water 
molecules of hydration that are disordered over six positions. The crystallographic disorder 
involving one of the tetraazaligands occupies two positions (A and B) which are related by a ca. 
18 ° rotation (N4A–Cu1A–N1B) around their axial axes with a significant difference in the 
occupancy (A: 65 and B: 0.35). In comparison, the asymmetric unit of 1–NiMo5 is composed of 
one half Strandberg cluster, one unsupported half {Ni(cyclam)} complex (Ni1A with a occupation 
of 0.69) and another half coordinated metalorganic moiety (Ni1C), both of them disordered over 
two positions, and five disordered water molecules of hydration. The disordered ligands are 
related by a ca. 15° and 31° rotation (N4A–Ni1A–N4B and N1C–Cu1C–N1D, respectively) around 
their axial axes with a significant difference in the occupancy for the latter (A: 0.50, B: 0.50; and 
C: 0.68, D:0.32). 
The structure of the Strandberg–type polyanion has been described for a long time and it 
consists in a chiral {Mo5O21} core formed by five edge– and corner–sharing {MoO6} octahedra, 
which is capped with one {PO3(OH)} tetrahedron on both sides of it through corner sharing, as 
can be seen in Figure 4.10. The pendant oxygen atom of each phosphorus tetrahedron is 
protonated, as indicated by charge balance considerations. The Mo–O and P–O bond lengths of 
both compounds 1–CuMo5 and 1–NiMo5 are in the range 1.70‒2.33 Å and 1.50‒1.57 Å 
respectively, which are consistent with other Strandberg–type polyanions found in 
crystallographic databases.89 
As seen in Figure 4.10, there are two crystallographically independent {Cu(cyclam)} 
complexes in 1–MMo5 hybrids (M = Cu, Ni) and both of them display the trans–III configuration 
of the macrocyclic polyamine ligand. Regarding 1–CuMo5 compound, the coordination sphere 
of both Cu1A and Cu1C metal centers display distorted octahedral CuN4O2 geometries, as 
confirmed by Continuous Shape Measures (CShM),98 (which are shown in Table 4.2) with the 
four N atoms of the tetraazaligand forming the equatorial plane and the axial positions occupied 
by terminal oxygen atoms belonging to the {H2P2Mo5O23}4– clusters (O1 and O22). 
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Figure 4.10 Polyhedral representations of the hybrid POMs in 1–MMo5 (M = Cu, Ni) with partial atom labelling. H 
atoms and water molecules are omitted for clarity. H atoms are omitted for clarity. Color code: blue (Cu), orange (Ni), 
violet (Mo), dark green (P), bright green (N), red (O). Symmetry codes: 1–CuMo5: i) –1/2+x, –y, –1/2+z; ii) 3/2–x, y, 
3/2–z; iii) 2–x, 1–y, 1–z; iv) –1/2+x, 1–y, 1/2+z; v) 2–x, –y, 2–z. 1–NiMo5: i) x, 1+y, z; ii) 1–x, –y, –z; iii) 1/2–x, y, 1/2–z; 
iv) –1/2+x, –y, 1/2+z; v) 1/2–x, 1+y, 1/2–z. 
The crystal packing of 1–CuMo5 consist on an three–dimensional covalent hybrid network 
constructed from the connection of Strandberg–type [H2P2Mo5O23]4– clusters and bridging 
{Cu(cyclam)}2+ cationic complexes which lead to the formation of a complex 2–fold 
interpenetrated diamond–like structure (Figure 4.11). In this structure, each polyanion is linked 
to another four clusters via four metalorganic moieties (two Cu1A and two Cu1C) which act as 
pseudotetrahedral 4–connecting nodes and thus, the geometry of the coordination sites (Figure 
4.10) are responsible for the generation of the diamondoid topology. The hybrid 3D framework 
can be described as follows: POM–{Cu(cyclam)}–POM hybrid chains that are formed exclusively 
by Cu1C moieties run along the [10–1] direction in a zig–zag fashion (Figure 4.11a). These hybrid 
chains connect to adjacent chains by one of the two Cu1A bridging moieties resulting in the 
formation of hybrid layers with hexagonal large cavities parallel to the (1–11) plane. The hybrid 
layers are constituted by the linkage between one cluster to three adjacent polyanions by means 
of three complexes (one Cu1A and two Cu1C) in such a way that each hexagonal cavity is 
delimited by six metalorganic moieties (four Cu1C that form the chains and two Cu1A bridging 
moieties) bonding six clusters (Figure 4.11b).  
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Figure 4.11. a) Polyhedral representation of the crystal packing along the [10–1] direction and Cu1C–POM chains 
along with a schematic representation of the 2–fold interpenetrated diamond–like hybrid network of 1–CuMo5. b) 
Polyhedral representation of the crystal packing along the [110] direction with an schematic representation of the 2–
fold hybrid framework showing the interpenetration phenomenon. c) Hybrid layers with partial atom labelling and 
estimated dimensions of the hexagonal cavities. d) Polyhedral representation of the two interpenetrated hybrid 
frameworks with different colors. H atoms and cyclam ligands are omitted for clarity. Color code: blue (Cu), violet 
(Mo), dark green (P), red (O). Bigger balls stand for the clusters whereas the small ones represent Cu atoms. Symmetry 
codes: i) 3/2–x, y, 3/2–z; ii) 2–x, –y, –z; iii) 3/2–x, –1+y, 1/2–z; iv) 5/2–x, y, 1/2–z; v) 1+x, y, –1+z. 
The connection between neighboring layers by the remaining Cu1A bridging complex 
along the [1–11] direction results in the generation of the above mentioned 3D diamond–like 
hybrid framework that show microchannels along both [010] and [001] directions where the 
water molecules of hydration are located (Figure 4.12). Regarding the hexagonal cavities, the 
approximate cross–section of which are 18.6 × 16.9 Å2 (distances N4A···N4A and N1C···N1C, 
Figure 4.11c), are large enough to allow further nucleation in the void space and a second 
diamond–like network is generated within the first framework. This way, the Cu1A complex 
responsible for connecting two contiguous layers from the second network penetrates the 
| Chapter 4 
 178 
hexagonal cavities of the layers belonging to the first net resulting in a 2–fold interpenetrated 
hybrid arrangement (Figure 4.11b). As a result, consecutive layers of one framework result 
superimposed to each other in such a way that the cavities of each layer are blocked on both 
sides by clusters bridged by Cu1A moieties belonging to adjacent layers of the other 
interpenetrated network (Figure 4.11d). This fact explains the low value calculated for the total 
solvent accessible voids (190 Å3, 8% of the total volume of the unit cell) using the Platon 
software. In regards to the metallocyclam complexes, the distances between the building blocks 
are significantly shorter for the Cu1C moiety that forms the above mentioned chains whereas 
Cu1A moiety displays a bond length near that of semi–coordination (2.393(4) and 2.565(4) Å, 
respectively), indicating a weaker coordination between different chains (Table 4.2).  
 
Figure 4.12. a) Polyhedral representation of the crystal packing of 1–CuMo5 along [010] and [001] directions 
highlighting the microchannels where the water molecules of hydration are hosted. H atoms and cyclam ligands are 
omitted for clarity. Color code: blue (Cu), violet (Mo), dark green (P), red (O).  
 
Table 4.2. Cu–O and Cu–N bond lengths (Å) as well as the polyhedral distorsion (CShM) of the {M(cyclam)} complexes 
in 1–MMo5 and 1a–MMo5 (M = Cu, Ni). 
1–CuMo5 1a–CuMo5 1–NiMo5 1a–NiMo5 
Cu1A–Nmean 2.021 Cu1A–Nmean 2.015 Ni1A–Nmean 1.977 Ni1A–Nmean 2.055 
Cu1A–O22ii 2.565(4) Cu1A–O22 2.298(4) Ni1A···O22ii 2.726(7) Ni1A–O22 2.194(7) 
Cu1A–O22iii 2.565(4) Cu1A–O5i 2.449(4) Ni1A···O22iii 2.726(7) Ni1A–O22i 2.194(7) 
OC–6 1.463 OC–6 0.752 SP–4 0.020 OC–6 0.110 
Cu1C–Nmean 2.023 Cu1C–Nmean 2.016 Ni1C–Nmean 2.062 Ni1C–Nmean 2.069 
Cu1C–O1 2.393(4) Cu1C–O1 2.478(4) Ni1C–O1 2.124(5) Ni1C–O1 2.122(6) 
Cu1C–O1iv 2.393(4) Cu1C–O1ii 2.478(4) Ni1C–O1iv 2.124(5) Ni1C–O1ii 2.122(6) 
OC–6 1.008 OC–6 1.225 OC–6 0.172 OC–6 0.083 
— — Cu21C–Nmean 2.016 — — — — 
— — Cu2C–O4 2.513(5) — — — — 
— — Cu2C–O4iii 2.514(5) — — — — 
— — OC–6 1.210 — — — — 
Symmetry codes: 1–CuMo5: ii) –1/2+x, –y, –1/2+z; iii) 3/2–x, y, 3/2–z; iv) 2–x, 1–y, 1–z. v) –1/2+x, 1–y, 1/2+z. 1a–
CuMo5: i) 1/2+x, 1/2–y, 1/2+z; ii) 2–x, 1–y, 1–z; iii) 1–x, 1–y, 2–z. 1–NiMo5: ii) 1/2–x, –1+y, 1/2–z; iii) –1/2+x, –y, –
1/2+z; iv) 1–x, –y, –z. 1a–NiMo5: i) 1–x, 1 –y, 2–z; ii) 1–x, –y, 1–z. CShM: reference polyhedra SP–4 (square) and OC–
6 (octahedron). 
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The 2–fold crystal hybrid lattice is further reinforced by a significant H–bond network that 
results from the interactions between the different metalorganic complexes and terminal O 
atoms of the POM clusters, as well as some crystallization water molecules (Table 4.3). 
Table 4.3. Intermolecular N–H···O and C–H···O interactions (Å) in 1–CuMo5 and the anhydrous 1a–CuMo5. 
1–CuMo5 1a–CuMo5 
Donor–H···Acceptor      D···A Donor–H···Acceptor D···A Donor–H···Acceptor D···A 
O1P–H1P···O1Wv 2.544(5) — — O1P–H1P···O13ii 3.073(5) 
— — — — O2P–H2P···O44iii 2.775(5) 
N1A–H1A···O1Wi 2.976(8) N1B–H1B···O20vi 3.511(18) N1A–H1A···O1P 3.473(6) 
— — N1B–H1B···O2Piv 3.415(17) — — 
N4A–H4A···O2Pii 3.324(8) N4B–H4B···O1Wvii 3.051(18) N4A–H4A···O21i 3.470(6) 
— — — — N4A–H4A···O25i 3.347(6) 
C2A–H2AA···O3iii 3.236(10) — — C2A–H2AB···O33ii 3.092(8) 
C2A–H2AB··O20 3.437(11) — — C2A–H2AB··O3ii 3.481(8) 
C3A–H3AA···O2 3.319(11) C3B–H3BA···O3viii 3.239(15) C3A–H3AB···O2i 3.313(9) 
C6A–H6AB···O1Pii 3.477(11) C6B–H6BA···O2Pii 3.45(2) C6A–H6AB···O21i 3.274(8) 
C7A–H7AB···O2iv 3.523(10) C7BC–H7BB···O3Wix 3.53(2) — — 
  — — C13A–H13A···O54 3.289(9) 
N1C–H1C···O12x 3.374(8) — — N1C–H1C···O3ii 3.160(6) 
N4C–H4C···O31ii 3.444(7) — — N4C–H4C···O31 3.166(6) 
N4C–H4C···O1Pii 3.283(7) — — N4C–H4C···O2P 3.165(7) 
C2C–H2CA···O3 3.280(9) — — C2C–H2CA···O12 3.401(7) 
C2C–H2CB···O2Wx 3.367(12) — — — — 
C3C–H3CA···O11vii 3.239(8) — — — — 
C6C–H6CA···O3Wix 3.282(15) — — C6C–H6CA···O3 3.269(8) 
— — — — N24C–H24C···O54 3.404(6) 
— — — — N24C–H24C···O45 2.974(6) 
— — — — C22C–H22A···O43 3.308(7) 
— — — — C26C–H26A···O45iv 3.366(8) 
— — — — C27C–H27A···O11ii 3.282(8) 
Symmetry codes: 1–CuMo5: i) 3/2–x, –1+y, 3/2–z; ii) 3/2–x, y, 3/2–z; iii) x, –1+y, –z; iv) –1/2+x, –y, –1/2+z; v) 2–x, 1–
y, 2–z; vi) 1–x, –y, 1–z; vii) –1/2+x, 1–y, –1/2+z; viii) 1–x, 1–y, 1–z; ix) 2–x, –y, 1–z; x) 2–x, 1–y, 1–z. 1a–CuMo5: i) 1/2+x, 
1/2–y, 1/2+z; ii) 2–x, 1–y, 2–z; iii) 1–x, 1–y, 1–z; iv) 1–x, 1–y, 2–z. 
Even though 1–NiMo5 is isostructural to 1–CuMo5 (Table 4.1), the difference in the 
plasticity of the coordination sphere of the metals results in a different connectivity between 
the different building blocks. As a result and opposed to 1–CuMo5, Ni1A complex is not 
coordinated to the clusters (Ni1A···O22 = 2.726(7) Å) and adopts a square planar geometry 
(Figures 4.10 and table 4.2), which also shows a trans–III configuration of the ligand. The other 
complex Ni1C however, remains coordinated to the polyoxoanions with a distorted octahedral 
geometry just like the equivalent one observed in 1–CuMo5 (Ni1C–O1 = 2.124(5) Å) and hence, 
similar zig–zag chains can be observed along the [10–1] direction (Figure 4.13). 
As a consequence of the differences in the Ni(II) bonding in Ni1A, the chains are no longer 
connected and consequently, no covalent layers can be found in the structure, which reduces 
the overall dimensionality to a monodimensional assembly compared to the 3D covalent 
arrangement observed in 1–CuMo5. This way, a system of hybrid zig–zag chains are observed 
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along the [10–1] direction which interact with each other via H–bond intermolecular 
interactions (Figure 4.13a.) and these interactions are responsible for the formation of 
supramolecular hybrid grids which are highly reminiscent of the covalent layers found in 1–
CuMo5, as expected (Table 4.4). The approximate cross–section of these cavities are 18.9 x 16.6 
Å2 (distances N1A···N1A and N4C···N4C) the stacking of which is similar to those found in the Cu 
derivative (Figure 4.13b), resulting in an identical value of 8% for the total solvent accessible 
volume as well (Platon software). Interestingly, the occupation of the square planar Ni1A center 
is incomplete (0.68) which means that nearly one third of that position in the crystal (Ni1A) is 
occupied by a protonated {H2cyclam}2+ fragment instead of a metallorganic complex. In order to 
check if this feature was indeed inherent to this particular crystal structure and not an artifact 
of some sort, we repeated the synthesis of 1–NiMo5 with a significant excess of the Ni source 
(2.0 mmols instead of 0.20 mmols) and measured a single crystal obtained from it, which 
resulted in the exact structure as 1–NiMo5 with the same value for the occupancy of the defect 
metal center Ni1A. 
 
Figure 4.13. a) Polyhedral representation of the hybrid Ni1C–POM chains with schematic representations of the 
framework along [10–1] and [110] directions in 1–NiMo5. b) Supramolecular layers with partial atom labelling and 
estimated dimensions of the cavities. c) Crystal packing along [010] and [001] directions highlighting the 
microchannels where the water molecules of hydration are hosted. H atoms and cyclam ligands are omitted for 
clarity. Color code: orange (Ni), violet (Mo), dark green (P), red (O). Bigger balls stand for the clusters whereas the 
small ones represent Ni atoms. Symmetry codes: i) x, 1+y, z; ii) 1/2–x, y, 1/2–z; iii) 1/2–x, 1+y, 1/2–z; iv) –1/2+x, 1–y, 
–1/2+z; v) x, 1+y, –1/2+z, –1+z; vi) 1–x, –y, –1–z; vii) 3/2–x, y, –1/2–z. 
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Table 4.4. Intermolecular N–H···O and C–H···O interactions (Å) in 1–NiMo5 and the anhydrous 1a–NiMo5. 
1–NiMo5 1a–NiMo5 
O1P–H1P···O1Wii 2.571(8) — — — — — — 
N1A–H1A···O2Pi 3.373(18) N1B–H1B···O2Pi 3.311(18) N1A–H1A···O2Pi 3.398(10) — — 
— — — — N1A–H1A···O1Pi 3.242(11) — — 
N4A–H4A···O1W 3.041(17) N4B–H4B···O1W 2.951(17) — — — — 
C2A–H2AB···O2i 3.312(18) C2B–H2BB···O2i 3.36(2) — — — — 
C3A–H3AB··O3 3.140(19) C3B–H3BA···O20i 3.410(19) C3A–H3AB···O3ii 3.213(13) — — 
— — C3B–H3BA···O23 3.195(19) C3A–H3AB··O13iii 2.994(12) — — 
N1C–H1C···O31 3.412(13) N1D–H1D···O31 3.32(2) N1C–H1C···O31 3.489(17) N1D–H1D···O12 2.984(17) 
— — — — N1C–H1C···O2P 3.383(17) — — 
N4C–H4C···O12iii 3.199(14) N4D–H4D···O12iii 3.03(3) N4C–H4C···O12 3.206(18) N4D–H4D···O31 3.356(16) 
N4C–H4C···O3W 3.359(18) — — — — N4D–H4D···O1P 3.359(15) 
C2C–H2CA···O11iv 3.350(17) C2D–H2DB···O3W 3.06(3) C2C–H2C2···O19 3.30(2) — — 
C3C–H3CB···O3 3.22(2) C3D–H3DB···O3 3.13(3) — — — — 
C6C–H6CB···O2Wv 3.18(3) C6D–H6DA···O1P 3.37(3) C6C–H6CB···O12 3.42(2) C6D–H6DB···O2P 3.22(2) 
— — — — C6C–H6CB···O2 3.45(3) C6D–H2D2···O3iv 3.35(2) 
Symmetry codes: 1–NiMo5: i) x, –1+y, z; ii) –x, –y, –z; iii) 1–x, –y, –z; iv) –1/2+x, –y, –1/2+z; v) 1–x, –y, –z. 1a–NiMo5: 
i) 1/2–x, y, 3/2–z; ii) x, 1+y, z; iii) 1/2–x, 1+y, 3/2–z; iv) 1/2–x, –y, –1/2+z. 
Two Strandberg hybrids built from CuII and NiII complexes of a closely related macrocyclic 
ligand, namely 5,5,7,12,12,14–hexamethyl–1,4,8,11– tetraazacyclotetradecane, can be found in 
the literature.37 While the Cu derivative consist on a simple 1D covalent arrangement, the Ni 
derivative exhibits an interesting 3D open–framework with hydrophobic channels along the z 
axis where the water molecules reside, the approximate dimensions of which are 10.7 x 10.9 Å2 
(C···C distances of the single methyl groups, Figure A4.5 in the Appendix). As opposed to our 
compounds, there is no interpenetration phenomenon and thus, the total solvent accessible 
volume is quite high (46% which corresponds to 3951 Å3 of the total volume of the unit cell). In 
contrast, Ramanan et al. reported a water–mediated extended interpenetrated framework 
based on Cu(pz) moieties,13 the formula of which is [{Cu(pz)4}2(H2P2Mo5O23)]·H2O (pz = pyrazole). 
SCSC transformations: 1a–CuMo5 and 1a–NiMo5 structures 
Total removal of water molecules was achieved by heating single crystals of both 
compounds to 150 °C for an hour, which resulted in the transformation to their respective 
anhydrous 1a–CuMo5 and 1a–NiMo5 phases, the structures of which were determined owing 
to their capacity to maintain their crystallinity throughout the heating process. The anhydrous 
1a–CuMo5 hybrid crystallizes in the monoclinic P21/n space group. The modification of the space 
group resulted in a slight decrease of the cell parameter c accompanied by the duplication of 
the b parameter (Table 4.1) which led to a different asymmetric unit content resulting in the 
generation of a third crystallographically independent Cu complex (Cu2C). Thus, the asymmetric 
unit of 1a–CuMo5 is formed by one full Strandberg–type cluster and three half {Cu(cyclam)} 
moieties (Cu1A, Cu1C and Cu2C), all of them grafted at the same coordination site at the surface 
of the POM as in the hydrated phase (Figure 4.14). As opposed to 1–CuMo5, no crystallographic 
disorder was observed for the anhydrous derivative.  
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Figure 4.14. a) Polyhedral representation of the crystal packing together with schematic representations along the 
[10–1] direction of the 2–fold interpenetrated structure for both 1–CuMo5 and 1a–CuMo5 showing the distortion of 
the network triggered by the SCSC process. b) Comparison between the hybrid Cu1C–POM hybrid chains in both 
thermal derivatives. c) Hybrid polyanions with partial atom labelling showing the geometrical modifications of the 
complexes triggered by the SCSC transformation upon dehydration. H atoms are omitted for clarity. Color code: blue 
(Cu), violet (Mo), dark green (P), bright green (N), red (O). Bigger balls stands for the clusters whereas the small ones 
represent Cu atoms. Symmetry codes: i) 3/2–x, y, 3/2–z; ii) –1/2+x, 1/2–y, –1/2–z. 
The crystal packing of 1a–CuMo5 remained largely the same as the hydrated analogue 
(Figures 4.14a), although some notable structural modifications took place after the 
dehydration. First, slight differences in the Cu–O bond lengths between the different building 
blocks can be observed after the SCSC transformation. While Cu1C and Cu2C complexes undergo 
a slight lengthening of their respective Cu–O bonds evidencing a weaker coordination between 
clusters belonging to the same chain, dehydration also resulted in a significant shortening of the 
bond lengths shown by the Cu1A complexes, which in turn indicated that the chains drew near 
to each other (Table 4.7). The hybrid layers remained also virtually unaltered as confirmed by 
the similar dimensions of the hexagonal cavities as seen in Figure 4.15b (19.3 × 16.6 Å2, distances 
N4A···N11A and N1C···N1D), as well as the reinforcing H–bond network (Table 4.8).  
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Figure 4.15. a) Pseudotetrahedral geometry of the coordination sites showing M–X–M angles (°) where X is the 
calculated centroid between the two P atoms of the Strandberg clusters before and after the SCSC transformations 
(P1–P1 for 1–CuMo5; P1–P2 for 1a–CuMo5). b) Hybrid layers with partial atom labelling and estimated dimensions 
of the hexagonal cavities. c) Crystal packing along [010] and [001] directions highlighting the microchannels in the 
anhydrous 1a–CuMo5. Color code: blue (Cu), violet (Mo), dark green (P), bright green (N), red (O). Symmetry codes: 
1–CuMo5: i) 3/2–x, y, 3/2–z. 1a–CuMo5:  i) –1/2+x, 1/2–y, –1/2–z. ii) 2–x, –y, –z; iii) 3/2–x, –1+y, 1/2–z; iv) 5/2–x, y, 
1/2–z; v) 1+x, y, –1+z. 
However, the most notable structural change is associated with the Cu1C and Cu2C 
ligands that form the hybrid chains. Compared to Cu1C in 1–CuMo5, the equivalent ligands 
found in 1a–CuMo5 suffered a remarkable ca. 90° rotation around their axial axes as can be seen 
in Figure 4.14b whereas an approximate 20 ° rotation was also observed for the Cu1A ligands. 
Angles between the different Cu centers and the centroid calculated from the two P atoms show 
| Chapter 4 
 184 
almost no variations when going from 1–CuMo5 to 1a–CuMo5 as well, except Cu1A–X–Cu1A 
that exhibits a decrease of almost 6° (Figure 4.15a). As a result, even though the overall structure 
is maintained (Figure 4.15c), a slight distortion of the 2–fold diamantoid framework can be 
observed compared to that found in the hydrated analogue (Figure 4.14a). This distortion results 
in a total accessible solvent volume of 271 Å3 which corresponds to roughly 12 % of the total 
volume of the unit cell of 1a–CuMo5, as opposed to the significantly lower value of 8% found 




Figure 4.16. a) Polyhedral representation of the hybrid Ni1C–POM chains a well as the hybrid layers with partial atom 
labelling and estimated dimensions of the hexagonal cavities. b) Hybrid POMs in 1–NiMo5 and 1a–NiMo5 with partial 
atom labelling showing the geometrical modifications of the complexes induced by the 0D to 3D SCSC transformation 
together with schematic representations of the hybrid networks along the [10–1] direction. c) Pseudotetrahedral 
geometry of the coordination sites showing M–X–M angles (°) where X is the calculated centroid between the two P1 
atoms of the Strandberg clusters before and after the SCSC transformations. H atoms and water molecules are 
omitted for clarity. Color code: orange (Ni), violet (Mo), dark green (P), bright green (N), red (O). Bigger balls stands 
for the clusters whereas small ones represent Ni atoms. Symmetry codes in a): i) –1/2+x, 1–y, –1/2+z; ii) –1/2+x, –y, 
1/2+z, iii) 1/2+x, 1–y, –1/2+z; iv) x, 1+y, –1+z; v) 1/2+x, 1–y, –3/2+z; vi) 1/2+x, –y, –1/2+z. Symmetry codes in b) and 
c): i) x, 1+y, z; ii) 1/2–x, 1+y, 1/2–z; iii) 1/2–x, y, 1/2–z; iv) –1/2+x, 1–y, –1/2+z; v) 1/2–x, y, 3/2–z; vi) –1/2+x, –y, 1/2+z.  
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Regarding the Ni derivative, the anhydrous 1a–NiMo5 hybrid maintains the P2/n space 
group observed in the hydrated 1–NiMo5 and 1–CuMo5 hybrid lattices. As a result, the 
asymmetric unit of 1a–NiMo5 is similar to that of the hydrated phases (Figure 4.16), which is 
formed by one half cluster and two half coordinated metalorganic moieties (Ni1A and Ni1C) with 
the exact same occupancy for the defect Ni1A (0.68) metal center observed in 1–NiMo5. In close 
analogy to 1–CuMo5 however, one of the {Ni(cyclam)} moieties (Ni1C) is disordered over two 
positions which are related by a ca. 18° rotation (N4C–Cu1C–N1D) around their axial axes 
showing nearly identical occupancies (C: 0.51 and D: 0.49), as opposed to the disorder observed 
around Ni1C in the hydrated 1–NiMo5, where the difference in the occupancy is significantly 
higher (C: 0.68, D:0.32). Even though the parameter a increased, both b and c decreased 
significantly compared to the cell unit of the hydrated 1–NiMo5 (Table 4.1) indicating that a 
compression of the crystal lattice took place, which resulted in an approximately reduction in 
the unit cell volume of ca. 400 Å3 leading to the anhydrous 1a–NiMo5. 
Compared to the transition from 1–CuMo5 into 1a–CuMo5 where the overall structure 
did not undergo major changes, the transformation from 1–NiMo5 into 1a–NiMo5 constitutes 
a rare case of a SCSC involving a 1D to 3D transition. After removal of the solvent molecules, the 
resulting compaction forced adjacent clusters to approach each other and thus, the square 
planar Ni1A cations seen in 1–NiMo5 became grafted to Mo2 octahedron belonging to different 
chains (Ni1A–O22 = 2.194(7)) becoming octahedral bridging complexes in the process (See Table 
4.2). Since the coordination sites are identical to those observed in the Cu derivatives, 
dehydration resulted in the generation of a virtually identical 2–fold interpenetrated diamond–
like structure to that of the hydrated 1–CuMo5 derivative (Figure 4.16), although a more 
compacted one due to the shorter Ni–O bonds and the absence of the flexibility of the Cu 
coordination sphere. Compared to Cu derivatives, the occurrence of the SCSC transformation 
left Ni1C moieties practically unaltered with virtually identical bond lengths (Table 4.2) while the 
Ni1A complexes rotated ca. 30° around their axial axes (Figure 4.16b). Angles between the Ni 
metals and the centroid calculated from the two P atoms show subtle variations as well upon 
dehydration (Figure 4.16c). The hexagonal cavities found in 1a–NiMo5 show approximate 
dimensions slightly smaller (18.8 x 15.8 Å2, distances N1A···N1A and N4C···N4C) compared to 
those seen 1–NiMo5 which further confirms that a compression took place after removing the 
solvent molecules ((Figure 4.16a). As a result and because of the shorter Ni–O bonds, no 
potential solvent accessible volume was found for 1a–NiMo5, as opposed to the results 
obtained for 1a–CuMo5 and the hydrated derivatives. Similar to the previous structures, the 
anhydrous Ni derivative is still held by a significant number of favorable H–bond interactions 
(Table 4.4). 
Finally, the reversibility of the thermally triggered SCSC transformations discussed above 
were investigated by simultaneous TGA and PXRD experiments carried out on dehydrated 
samples of 1–CuMo5 and 1–NiMo5 (Figure 4.17). Freshly prepared samples of both derivatives 
were heated to 150 °C in an oven for an hour to ensure the removal of all water molecules and 
then they were left in contact with air for approximately 24 h. After that, both TGA and PXRD 
patterns were recorded. As seen in the TGA curve, the rehydration is total with similar profiles 
compared to the TGA of a freshly prepared sample 1–MMo5 (M= Cu, Ni). Analogously, no 
modifications in either the positions or the intensities of any reflection maxima could be 
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observed in the PXRD patterns obtained after the dehydration of any of the samples. In view of 
these results, we concluded that the SCSC transformations for both 1–CuMo5 and 1–NiMo5 
hybrid derivatives are totally reversible within a day in open air conditions. To the best of our 
knowledge, this is the first time that such thermostructural studies involving thermally induced 
single–crystal–to–single–crystal transformations promoted by dehydration processes have been 
reported for Strandberg–type diphosphopentamolybdate hybrids. 
 
Figure 4.17. Reversibility studies of the SCSC transformations of 1–CuMo5 and 1–NiMo5 showing PDX and TGA 
mesurements of a freshly prepared sample and those of the dehydrated sample obtained after 24 h of air exposure. 
4.3 ANDERSON‒TYPE HYBRIDS 
4.3.1 Experimental Section 
Materials and methods 
The tert–butylammonium chromiumhexamolybdate salt precursor, namely 
[(CH3)3CNH3]3[H6CrMo6O24]·8H2O, was synthesized according to literature methods and 
identified by infrared (FT–IR) spectroscopy. 99  All other chemicals were obtained from 
commercial sources and used without further purification. Carbon, hydrogen and nitrogen were 
determined on a Perkin–Elmer 2400 CHN analyzer. FT–IR spectra were obtained as KBr pellets 
on a SHIMADZU FTIR–8400S spectrometer (Figure A4.6 in the Appendix). Thermogravimetric 
(TGA) analyses were carried out from room temperature to 700 °C at a rate of 5 °C min–1 on a 
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Mettler Toledo TGA/SDTA851e thermobalance under a 50 cm3 min–1 flow of synthetic air. 
Powder X–ray diffraction (PXRD) patterns were collected on a Bruker D8 Advance diffractometer 
operating at 30 kV/20 mA and equipped with Cu Kα radiation (λ = 1.5418 Å), a Vantec–1 PSD 
detector, an Anton Parr HTK2000 high–temperature furnace, and Pt sample holder (Figure A4.7 
in the Appendix). The powder patterns (PXRD) were recorded in 2θ steps of 0.033° in the 5 ≤ 2θ 
≤ 35 range with an exposure time of 0.3 s per step. Data sets were acquired from 30 to 470°C 
every 20 °C, with a heating rate of a 0.16 °C s−1. 
Synthetic procedure 
[{Cu(cyclam)}3(H6CrMo6O24)2].18H2O (1–CuMo6). A solution containing CuSO4·5H2O (0.50 
g, 0.20 mmol) and cyclam (0.040 g, 0.20 mmol) in aqueous 1M NaCl (10 mL) was added dropwise 
to an aqueous 1M NaCl (15 mL) solution containing the [(CH3)3CNH3]3[H6CrMo6O24]·8H2O (0.150 
g, 0.1 mmol) preformed precursor. The mixture was stirred for 2 h at room temperature and 
then filtered to remove a purple solid. The resulting dark purple solution was left to slowly 
evaporate at room temperature and purple block–like crystals suitable for X–ray diffraction 
were obtained after 2 days. Yield: 34 mg (22% based on the precursor). Anal. Calcd (found) for 
C30H120Cr2Cu3Mo12N12O66: C, 11.43 (11.23); H, 3.84 (4.01); N, 5.33 (5.47). IR (cm–1): 3238(s), 
3167(s), 2953(m), 2879(m), 1638(m), 1468(m), 1425(m), 1384(m), 1319(w), 1263(w), 1248(w), 
1234(w), 1097(m), 1067(m), 1037(m), 1011(m), 997(s), 935(s), 912(vs), 889(s), 652(vs), 575(s), 
544(sh), 445(s), 415(s). 
[{Ni(cyclam)}2][{Ni(cyclam)}(H6CrMo6O24)2].18H2O (1–NiMo6). The synthesis is similar to 
that of 1–CuMo6 except that Ni(NO3)3·5H2O (0.070 g, 0.20 mmol) was used as metal source. The 
resulting dark orange solution was left to slowly evaporate at room temperature and purple 
block–like crystals suitable for X–ray diffraction were obtained after 2 days. Similar to 1–ZnMo6, 
the filtered orange solid was later confirmed to be pure 1–NiMo6. Total combined yield: 52 mg 
(36% based on the precursor). Anal. Calcd (found) for C30H120Cr2Mo12N12Ni3O66: C, 11.49 (11.13); 
H, 3.86 (3.71); N, 5.36 (5.27). IR (cm–1): 3236(s), 3162(s), 2938(m), 2880(m), 1637(m), 1468(m), 
1425(m), 1385(m), 1320(w), 1263(w), 1248(w), 1235(w), 1098(m), 1067(m), 1038(m), 1009(m), 
997(s), 936(s), 913(vs), 887(s), 652(vs), 574(s), 553(sh), 445(s), 417(s). 
 [{H2(cyclam)}1.3{Zn(cyclam)}0.3][{Zn(cyclam)}1.4(H6CrMo6O24)2].18H2O (1–ZnMo6). The 
synthesis is similar to that of 1–CuMo6 except that Zn(NO3)2·6H2O (0.060 g, 0.20 mmol) was used 
as Zn(II) source. The mixture was stirred for 2 h at room temperature and then filtered to remove 
a purple solid. The resulting grey solution was left to slowly evaporate at room temperature and 
purple block–like crystals suitable for X–ray diffraction were obtained after 2 days. The filtered 
orange solid was later confirmed to be pure 1–ZnMo6 as well. Total combined yield: 56 mg (37% 
based on the precursor). Anal. Calcd (found) for C30H122.6Cr2Mo12N12O66Zn1.70: C, 11.89 (11.51); 
H, 4.06 (3.82); N, 5.54 (5.31). IR (cm–1): 3236(s), 3167(s), 2954(m), 2879(m), 1637(m), 1466(m), 
1426(m), 1386(m), 1321(w), 1264(w), 1247(w), 1236(w), 1095(m), 1068(m), 1038(m), 1010(m), 
998(s), 937(s), 912(vs), 885(s), 651(vs), 575(s), 543(s), 444(s), 416(s). 
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Single–crystal X–ray crystallography 
Crystallographic data for Anderson–type 1–MMo6 compounds (M = Ni, Cu, Zn) is shown 
in Table 4.5. Intensity data were collected on an Agilent Technologies Super–Nova 
diffractometer which was equipped with monochromated Mo Kα (λ = 0.71073 Å) and Eos CCD 
detector. Intensity data were collected on an Agilent Technologies Super–Nova diffractometer 
which was equipped with monochromated Mo Kα (λ = 0.71073 Å) and Eos CCD detector. The 
data collection of 1–MMo6 compounds (M = Ni, Cu, Zn) was carried out at 100 K in all cases. 
Data frames were processed (unit cell determination, analytical absorption correction with face 
indexing, intensity data integration and correction for Lorentz and polarization effects) using the 
CrysAlis Pro software package.90 The structures were solved using OLEX291 and refined by full–
matrix least–squares with SHELXL–2014/6.92 Final geometrical calculations were carried out with 
PLATON93 as integrated in WinGX.94 
Table 4.5. Crystallographic data for 1–MMo6 (M = Cu, Ni) Anderson–type hybrids. 
 1–NiMo6 1–CuMo6 1–ZnMo6 
Empirical formula C30H120Cr2Mo12N12Ni3O66 C30H120Cr2Cu3Mo12N12O66 C30H122.6Cr2Mo12N12O66Zn1.70 
fw (g mol–1) 3136.78 3151.27 3074.4 
crystal system triclinic triclinic triclinic 
space group P–1 P–1 P–1 
T (K) 100(2) 100(2) 100(2) 
a (Å) 12.5047(6) 13.5514(7) 13.4964(6) 
b (Å) 13.7291(4) 13.9338(8) 13.8933(7) 
c (Å) 14.2942(6) 14.1177(6) 14.1568(6) 
 () 102.028(3) 99.913(4) 99.952(4) 
 () 108.152(4) 108.429(4) 108.027(4) 
 () 100.666(3) 106.640(5) 107.313(4) 
V (Å3) 2196.61(16) 2319.7(2) 2305.0(2) 
calc (g cm–3) 2.371 2.256 2.213 
Kα (Å) 0.71073 0.71073 0.71073 
 (mm–1) 2.625 2.565 2.339 
collected reflns 18237 15106 16701 
unique reflns (Rint) 7685 (0.0208) 8171 (0.0308) 8107 (0.0186) 
obsd reflns [I > 2(I)] 6767 6838 6840 
parameters 551 599 564 
R(F)a [I > 2(I)] 0.0769 0.0316 0.0373 
wR(F2)b [all data] 0.2206 0.0758 0.0931 
GoF 1.031 1.036 1.059 
aR(F) = Σ||Fo–Fc||/Σ|Fo|; bwR(F2) = {Σ[w(Fo2–Fc2)2]/Σ[w(Fo2)2]}1/2 
Thermal vibrations were treated anisotropically for all non–H atoms in all compounds. 
Hydrogen atoms of the organic ligands were placed in calculated positions and refined using a 
riding model with standard SHELXL parameters, except for H65 in 1–CuMo6 and 1–NiMo6 
structures, which was assigned manually and given half occupancy. Twelve and ten positions 
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suitable for water molecules of hydration were located in the Fourier maps of 1–CuMo6 and 1–
NiMo6, respectively, and their occupancy was initially refined without restrictions. The resulting 
total number of 9.1 water molecules per Anderson cluster was fixed to 9.0 in during the final 
refinement in both cases. For 1–ZnMo6 hybrid, however, nine positions for water molecules 
were found and refined with full occupancy.  
4.3.2. RESULTS AND DISCUSSION 
Synthesis 
We reacted the preformed tert–butylammonium chromiumhexamolybdate 
[(CH3)3CNH3]3[H6CrMo6O24]·8H2O precursor with metallocyclam moieties under similar synthetic 
conditions to those described earlier for the Strandberg–type hybrids (i.e. room temperature, 
NaCl 1 M medium) starting with copper(II) as the 3d–metal source. Fortunately, purple block 
single crystals of sufficient quality were obtained in just two days with an acceptable 22% yield 
based on the precursor. The formation of large amounts of a purple precipitate upon addition 
of the metalorganic building block was observed and preliminary characterization was carried 
out by FT–IR spectroscopy (Figure A4.6 in the Appendix). Even though the precipitate displayed 
a virtually identical FT–IR spectrum to that of single–crystals of 1–CuMo6, PXRD analyses 
confirmed that the powder was in fact the title compound in impure bulk form as evidenced by 
additional maxima found in the diffractogram (Figure A4.7 in the Appendix). Different copper(II) 
salts were also tested as the transition metal source (chloride, acetate and nitrate salts) but no 
template effect of any kind was observed whatsoever, as all of them led to the formation of 1–
CuMo6 in comparable yields as well as similar crystallization speeds. 
With the goal of increasing the overall reaction yield as well as finding out if the 
temperature could influence the outcome of this synthetic system, we performed similar 
reactions from 50 °C to refluxing conditions. These experiments yielded similar results and block 
crystals of 1–CuMo6 were obtained in comparable yields in all tested temperatures. However, 
it must be noted that the crystallization speed was significantly inferior as crystals of 1–CuMo6 
appeared almost one week later compared to the reactions carried out at room temperature. 
The influence of the pH in this synthetic system was also evaluated and it did have a considerable 
effect in the reaction outcome. The initial pH of the reaction was 2.9 and it led to 1–CuMo6 as a 
single, homogeneous crystalline phase with a yield of 22% based on the precursor. Upon 
basification of the reaction medium to slightly higher pH values using NaOH 0.1 M, a significant 
decrease in the overall yield was observed (pH = 3.0–4.0, yield = 12–16% based on the 
precursor). Above this pH value no identifiable solid product could be obtained upon total 
solvent evaporation whereas when the pH was acidified with 0.1 M HCl to values below 2.5 only 
big block crystals of sodium chloride could be isolated. In close analogy to the initial synthesis, 
the purple precipitates formed during the reactions where the pH was adjusted in the range 
3.0–4.0 could be also identified as 1–CuMo6 in impure bulk form.  
We attempted to synthetize analogous hybrids using other divalent transition metals 
(MnII, CoII, NiII and ZnII) following similar reactions at room temperature in NaCl 1 M media. Upon 
solvent evaporation, single–crystals of Ni (1–NiMo6) and Zn (1–ZnMo6) derivatives were 
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obtained although with a significantly lower yield than that obtained for 1–CuMo6. In contrast 
and as opposed to 1–CuMo6, the orange and greyish precipitates that formed during the 
respective reactions could be identified as pure 1–NiMo6 and 1–ZnMo6 compounds as 
evidenced by both FT–IR and PDX measurements (Figures A4.6 and A4.7 in the Appendix), which 
resulted in a higher total combined yield of ca. 36% for the latter. Similarly to the Cu analogue, 
the choice of the transition metal salt did not affect the reaction in any apparent way as different 
Ni(II) and Zn(II) reactants (chloride and nitrate salts) resulted in both comparable yields and 
crystallization speeds. Regarding Co and Mn–containing precipitates, no crystalline materials 
could be obtained at all, although both pale green precipitates showed nearly identical FT–IR 
spectra to those seen for the structurally characterized phases, evidencing that the pale green 
solids are also constituted by both metallocyclam units and {CrMo6} clusters. Interestingly, 
various intense reflexion maxima in the low–angle region, in particular for the Mn–containing 
precipitate, also coincide with those observed for the measured derivatives, suggesting that the 
solids could be constituted by the corresponding isostructural phase although in impure form 
(Figures A4.6 and A4.7 in the Appendix). Unfortunately, no single crystals of Mn– and Co–
containing phases could be obtained in any cases despite our efforts. 
Vibrational and thermostructural characterization of 1–MMo6 (M = Cu, Zn, Ni) 
The preliminary characterization of 1–NiMo6, 1–CuMo6 and 1–ZnMo6 hybrids was 
carried out by FT–IR spectroscopy. As expected, the inorganic region of the infrared spectra of 
1–MMo6 compounds is highly reminiscent of that of the type–B Anderson precursor (Figure 
4.18). In this sense, the strong bands corresponding to the symmetric and asymmetric ν(Mo–Ot) 
vibrations found in the range 950–850 cm–1 did not undergo significant changes upon 
combination with the metalorganic complexes. While the strong absorption band attributed to 
ν(Mo–Ob) vibration appears at the same spectral position as that of the precursor, it seems to 
slightly widen in the hybrids. The signals arising from the ν(Cr–Ob–H) vibration remained mostly 
invariable as can be seen in the low wavernumber area (575–540 cm–1) while the same behavior 
was observed for the δ(Mo–Ot) flexion modes in 445–415 cm–1 range. In regards to the metal–
organic region of the FT–IR spectra, the peaks associated with the stretching of the –N–H and –
C–H bonds of the organic ligands are respectively observed at around 3200 and 2880 cm–1, 
whereas several weak to medium signals corresponding to the δ(C–H) and ν(N–C) vibration 
modes can also be found in the 1480–1230 and 1100–1000 cm–1 ranges. 
The thermal stability of 1–MMo6 compounds (M = Ni, Cu and Zn) was studied by TGA 
experiments, which confirm that all three hybrids decompose in a similar manner through three 
mass loss stages (Figures 4.19). The first stage starts from room temperature to ca. 110 °C and 
corresponds to the evacuation of all water molecules of hydration. The experimental mass loss 
corresponds to 9 water molecules per Anderson cluster (calcd. 10.32, 10.28 and 10.55%, found 
9.80, 9.67 and 9.68% for 1–NiMo6, 1–CuMo6 and 1–ZnMo6, respectively). Afterwards, a small 
range of thermal stability can be observed for the anhydrous phases, which extends up to ca. 
170–180 °C. Afterwards, the anhydrous phases undergo further decomposition through two 
overlapping mass loss stages which are associated with the combustion of the cyclam ligands 
and the consequent breakdown of the inorganic clusters. The overall mass loss for these two 
stages is consistent with three cyclam ligands per Anderson cluster (calcd. for 3C10H24N4 19.63, 
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19.14 and 19.22%; found 20.90, 20.80 and 21.32% for 1–NiMo6, 1–CuMo6 and 1–ZnMo6, 
respectively). The final residue is obtained at temperatures above ca. 500 °C for all compounds 
(calcd. for Cr2Mo12O48Ni2, 68.25; Cr2Cu2Mo12O48, 70.23; and Cr2Mo12O48Zn1.7, 67.97 and found 
69.30, 69.53 and 69.00% for 1–NiMo6, 1–CuMo6 and 1–ZnMo6, respectively). 
 
Figure 4.18. FT–IR spectra of 1–NiMo6, 1–CuMo6 and 1–ZnMo6 hybrids along with that of the precursor highlighting 
the inorganic region. 
Variable–temperature powder X–ray diffraction measurements (TPXRD) between 30 and 
470 °C show that these compounds are able to maintain their crystallinity up to temperatures in 
the range of 210–230 °C (Figures 4.19). Important modifications in both the positions and 
intensities of numerous diffraction maxima are observed at temperatures above 50°C, 
confirming that a thermally activated phase transition must take place upon heating. These 
modified diffraction patterns are conserved until the loss of crystallinity for all three derivatives, 
suggesting that the anhydrous phases may share a virtually identical crystal packing to that of 
the partially dehydrated samples at 50 °C. After that, the crystalline anhydrous phases become 
amorphous at temperatures above 210–230 °C, which is consistent with the results observed in 
the TGA curve above.  
Signs of new high–temperature phases start appearing at ca. 370–390 °C, which are 
defined enough at 470 °C for being identified (Figures A4.8–A4.10 in the Appendix). These final 
residues are mainly formed by the orthorhombic Pbnm MoO3 as the major phase (PDF: 00–035–
0609, 01–076–1003)100 together with various other molybdate oxides such as the monoclinic 
P21/a Mo4O11 (1–NiMo6, PDF: 01–072–0447),101 or P2/a Mo9O25 phases (1–ZnMo6, PDF: 01–
081–1263).102 The corresponding metallic molybdates were also found in these residues, those 
being the monoclinic C2/m NiMoO4, the triclinic P-1 CuMoO4 and the monoclinic P2/c ZnMoO4 
(PDF: 00–032–0692; 00–022–0242; 00–016–0310),103 as well as an orthorhombic Zn(OH)2 phase 
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(PDF: 00–020–1437),104 and a Cr–containing phase (orthorhombic and monoclinic phases of 
Cr2Mo3O12 in the case of the formers and the rhombohedral R3m CrO(OH) for 1–ZnMo6, PDF: 
00–020–0310; 01–078–1654 for the oxide; PDF: 01–085–1373 for the hydroxide).105 
 
Figure 4.19. TPXRD studies for 1–NiMo6, 1–CuMo6 and 1–ZnMo6 hybrid derivatives, highlighting the thermally 
activated phase transition along with the TGA curve and digital photographs of the crystals. 
Crystal structures of 1–MMo6 (M = Ni, Cu, Zn) 
Three novel Anderson–Evans type polyoxomolybdate hybrids have been prepared under 
mild conditions in aqueous medium using different 3d–metal sources (1–NiMo6, 1–CuMo6 and 
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1–ZnMo6), which crystallize in the triclinic P–1 space group. Even though they are isostructural, 
the different coordination ability of their corresponding 3d–metal centres results in 
multidimensional covalent crystal packings, that is 2D, 1D and discrete assemblies for Cu, Zn and 
Ni derivatives respectively. 
 
Figure 4.20. ORTEP view depicted at 50% for 1‒CuMo6 with partial atom labelling along with the polyhedral 
representation of the Anderson dimers highlighting the H–bonds (dashed line) and the most probable remaining 
protonation site in μ2‒O16 (dotted line). Symmetry codes: i) –x, 1‒y, 1‒z. 
The asymmetric unit of all three compounds consist on one Anderson–Evans cluster 
[H6CrMo6O24]3–, three half metallocyclam moieties and nine water molecules of hydration some 
of which are disordered (1–CuMo6 and 1–NiMo6). The structure of this archetypal POM is well–
known and is composed of six edge–sharing {MO6} octahedra surrounding a central, edge–
sharing heteroatom of octahedral geometry {XO6} leading to a planar arrangement with an 
approximate D3d symmetry (Figure 4.20). Charge balance considerations indicate that the 
cluster must be a B–type Anderson POM, that is, a six–protonated cluster. The six hydrogen 
atoms in the B–type are usually located on the six μ3–O atoms surrounding the heteroatom, 
although some structures with protons located in other positions such as bridging μ2–O atoms 
have been also reported.99,106 Bond–valence sum (BVS) calculations107 were carried out to locate 
the protonation sites confirming that the six μ3–O atoms belonging to the {CrO6} octahedron are 
indeed protonated in all three compounds (O21, O32, O43, O54, O61, O65; bond orders: 0.70‒
0.86). However, one of such μ3–O atom (O65) cannot possess a full hydrogen atom because it 
overlaps with its centrosymmetric partner, so it must have half occupancy instead. As a result, 
the remaining half hydrogen must be joined to another O atom or delocalized between various 
oxygen atoms to achieve electroneutrality, but BVS results were inconclusive in this regard. In 
view of this, an analysis of the H–bonding network between Anderson dimmers was carried out 
and interestingly only one O atom (O16) of the cluster did not show any N‒H···O or C‒H···O 
interactions toward adjacent ligands or even with water molecules of hydration in any of the 
three hybrids. Because of that, we believe this bridging μ2–O atom to be the most probable site 
to be protonated at 50% just like the μ3–O65 atom (Figure 4.20) leading to the neutral crystal 
assembly. The Mo–O and Cr–O bond lengths of all three 1–MMo6 compounds (M = Ni, Cu, Zn) 
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are in the range 1.70–2.30 Å and 1.96–1.98 Å respectively, which are in good agreement with 
other Anderson–type POMs found in crystallographic databases.99 
Three crystallographically independent centrosymmetric {Cu(cyclam)} complexes can be 
found in 1–CuMo6, all of them showing the typical trans–III configuration of the ligand. They 
consist on a metal–organic block grafted to the polyanion surface showing distorted octahedral 
geometries with the four N atoms of the cyclam ligand forming the equatorial plane and the 
axial positions occupied by terminal O atoms from different Anderson clusters (O1, O33 and O4 
for Cu1A, Cu1B and Cu1C, respectively; Figure 4.20). While these CuN4O2 chromophores show 
Jahn–Teller elongation, this type of distortion is especially remarkable for Cu1C, as confirmed by 
CShM calculations98 and its respective axial Cu–O bonds that shows lengths near those of semi–
coordination (Cu1C–O4 2.636(4) Å), as can be seen in Table 4.6.  
Table 4.6. M–O, M–N bond lengths (Å) and M···O distances as well as the polyhedral distorsion (CShM) of the 
{M(cyclam)} complexes in 1–MMo6 compounds (Ni, Cu, Zn). 
1–NiMo6 1–CuMo6 1–ZnMo6 
Ni1A–Nmean 2.054 Cu1A–Nmean 2.019 Zn1A–Nmean 2.083 
Ni1A–O1 2.121(7) Cu1A–O1 2.373(3) Zn1A–O1 2.241(3) 
Ni1A–O1i 2.121(7) Cu1A–O1i 2.373(3) Zn1A–O1i 2.241(3) 
OC–6 0.122 OC–6 0.695 OC–6 0.226 
Ni1B–Nmean 1.945 Cu1B–Nmean 2.019 Zn1B–Nmean 2.043 
Ni1B···O33 2.856(12) Cu1B–O33 2.495(4) Zn1B–O33 2.473(4) 
Ni1B···O33ii 2.856(12) Cu1B–O33ii 2.495(4) Zn1B–O33ii 2.473(4) 
SP–4 0.206 OC–6 1.369 OC–6 1.394 
Ni1C–Nmean 1.960 Cu1C–Nmean 2.012 Zn1C–Nmean 2.022 
Ni1C···O4 2.951(10) Cu1C–O4 2.636(4) Zn1C···O4iii 2.668(5) 
Ni1C···O4iii 2.951(10) Cu1C–O4iii 2.636(4) Zn1C···O4iv 2.668(5) 
SP–4 0.110 OC–6 2.123 SP–4 0.007 
Symmetry codes: 1–NiMo6: i) –x, –y, 6–z; ii) –x, 1–y, 2–z; iii) 1–x, 2–y, 2–z. 1–CuMo6: i) –x, –y, 1–z; ii) –x, 1–y, 2–z; iii) 
1–x, 2–y, 2–z. 1–ZnMo6: i) –x, –1–y, –z; ii) –x, –y, 1–z; iii) x, –1+y, z; iv) 1–x, –y, 1–z. CShM: reference polyhedra SP–4 
(square) and OC–6 (octahedron). 
The crystal packing of 1–CuMo6 consist on covalent “bow tie”–like layers built from 
Anderson clusters and bridging Cu(cyclam) complexes, where consecutive clusters form strongly 
H–bonded dimers with clusters belonging to adjacent layers giving rise to a 3D supramolecular 
network (Figure 4.21). This structure can be described as follows: each Anderson cluster is linked 
to three metallocyclam moieties forming hybrid chains that run along the [0–1–1] direction in a 
zig–zag fashion through Cu1A and Cu1B complexes. These chains link contiguous chains through 
the coordination sphere of the Cu1C moiety in such a way that covalent layers showing a “bow 
tie”–like motif are generated in the (101) plane where the numerous water molecules are 
hosted. Moreover, clusters belonging to one layer are further linked with the nearest cluster of 
an adjacent layer to form very stable dimeric units through six pairs of hydrogen bonds between 
the bridging oxo ligands. The donor–acceptor distances of these hydrogen contacts are less than 
2.9 Å (Table 4.7) indicating that these interactions are strong enough to stabilize such dimeric 
subunits, and thus, a 3D supramolecular architecture is generated. PLATON calculations 
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confirms a total solvent accesible volume of 577 Å3 (25% of the unit cell volume) which is 
consistent with the number of cristalization water molecules seen in single–crystal XRD analysis. 
 
Figure 4.21. Crystal packing of 1‒CuMo6 with partial atom labelling showing the zig–zag Cu1B–POM–Cu1A chains 
that extend to “bow tie”–like layers through the Cu1C moiety and the dimeric H–bonded units. Cyclam ligands are 
omitted for clarity. Color code: violet (Mo), pink (Cr), red (O). Small balls represent Cu atoms while the bigger ones 
stand for the POM cluster. 
The structure of 1–ZnMo6 is highly reminiscent to that of 1–CuMo6 although it shows 
notable differences, which are a direct result of the different 3d–centers of the metalorganic 
building blocks (Figure 4.22). While Zn1A and Zn1B remained coordinated to O1 and O33 
respectively, the Zn1C complex no longer acts as a bridging unit (Zn1C···O4 = 2.668(5) Å) but as 
a countercation instead, adopting a square planar geometry (Table 4.6), which also shows a 
trans–III configuration of the ligand. As a result and opposed to 1–CuMo6, even though similar 
zig–zag Zn1A–POM–Zn1B chains can be observed along the [0–1–1] direction the covalent layers 
cannot be formed and thus, the overall dimensionality of the crystal is reduced to a covalent 1D 
hybrid arrangement (Figure 4.22a). In contrast, 1–ZnMo6 displays a virtually identical H–bond 
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network to that of the Cu analogue (Table 4.7). Interestingly, the occupation of the octahedral 
Zn1B as well as the square planar Zn1C metal center is incomplete (0.40 and 0.30 respectively) 
which means that approximately one third of those positions in the crystal is occupied by a 
protonated {H2cyclam}2+ fragment instead of a metallorganic complex. In order to check if this 
feature was indeed inherent to this particular crystal structure and not an artifact of some sort, 
we repeated the synthesis of 1–ZnMo6 with a significant excess of the Zn source (1.2 mmols 
instead of 0.10 mmols) and measured a single crystal obtained from it, which resulted in the 
exact structure as 1–ZnMo6 with the same value for the occupancy of the defect metal centers 
Zn1B and Zn1C. Apart from the that, the organic ligands remained virtually unaltered compared 
to those shown in 1–CuMo6 (Figure 422a). In close analogy to 1–CuMo6, a total solvent 
accessible volume corresponding to 26% of the unit cell volume (592 Å3) was calculated using 
PLATON for this structure. 
Table 4.7. Comparison of the Intermolecular N–H···O and C–H···O interactions (Å) in 1–MMo6 (M= Ni, Cu, Zn). 
1–NiMo6 1–CuMo6 1–ZnMo6 
Donor–H···Acceptor D···A Donor–H···Acceptor D···A Donor–H···Acceptor D···A 
O54–H54···O1W 2.613(6) O54–H54···O1W 2.673(4) O54–H54···O1W 2.689(10) 
O32–H32···O2W 2.702(5) O32–H32···O2W 2.722(4) O32–H32···O2W 2.627(10) 
O61–H61···O3W 2.708(7) O61–H61···O3Wi 2.738(4) O61–H61···O3W 2.726(10) 
O21–H21··O55 2.706(5) O21–H21··O55i 2.738(4) O21–H21··O55i 2.678(10) 
O43–H43···O6 2.630(5) O43–H43···O6i 2.652(4) O43–H43···O6i 2.607(9) 
O65–H65···O65 2.870(7) O65–H65···O65i 2.922(6) O65–H65···O65i 2.859(15) 
N1A–H1A···O2 2.935(6) N1A–H1A···O55ii 3.366(4) N1A–H1A···O45ii 3.349(13) 
N4A–H4A···O55i 3.397(5) N4A–H4A···O2 2.915(4) N4A–H4A···O2 2.918(12) 
C2A–H2AA···O45i 3.255(6) C2A–H2AB···O5ii 3.331(5) — — 
C3A–H3AB···O4i 3.429(7) C3A–H3AA···O45ii 3.273(5) — — 
C3A–H3AB···O5i 3.369(7) — — — — 
C5A–H5AB···O5i 3.374(6) — — C5A–H5AA···O11iii 3.416(17) 
— — — — C5A–H5AA···O11iii 3.416(17) 
— — — — C6A–H6AA···O10W 3.39(3) 
— — C7A–H7AA···O5ii 3.286(5) C7A–H7AB···O5ii 3.205(18) 
— — — — C7A–H7AA···O11 3.415(18) 
N1B–H1B···O23 3.030(6) N1B–H1B···O23 2.832(5) N1B–H1B···O23 2.796(17) 
N4B–H4B···O6 2.787(6) N4B–H4B···O6i 2.939(5) N4B–H4B···O6i 3.064(17) 
C3B–H3BB···O66 3.378(7) C3B–H3BB···O66i 3.439(6 — — 
— — C6B–H6BB···O55i 3.382(6) C6B–H6BB···O55i 3.247(19) 
N1C–H1C···O34ii 2.762(6) N1C–H1C···O34iii 2.806(4) N1C–H1C···O34iv 2.887(13 
N4C–H4C···O1Wii 3.132(7) N4C–H4C···O1Wiii 3.037(5) N4C–H4C···O4iv 2.994(15) 
— — — — N4C–H4C···O5W 3.068(17) 
— — — — C2C–H2CA···O34iv 3.282(17) 
C5C–H5CA···O8Wii 3.461(7) C5C–H5CA···O8Wiv 3.274(12) C5C–H5CA···O9W 3.36(4) 
— — — — C6C–H6CA···O22v 3.311(15) 
C7C–H7CA···O4ii 3.387(8) C7C–H7CA···O4 3.248(5) — — 
Symmetry codes: 1–NiMo6: i) –x, 1–y, 1–z; ii) x, –1+y, +z; iii) –x, –y,1–z; iv) 1–x, 2–y, 2–z; v) x, 1+y, z. 1–CuMo6: i) –x, 
1–y, 1–z; ii) x, –1+y, +z; iii) –x, –y,1–z; iv) 1–x, 2–y, 2–z; v) x, 1+y, z. 1–ZnMo6: i) x, –1+y, z; ii) 1–x, –y, 1–z.  
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Figure 4.22. a) Comparison between the crystal packing of 1‒ZnMo6 and 1–NiMo6 compounds with partial atom labelling showing 
the different dimensionalities. b) Hybrid supramolecular chains in 1–NiMo6 showing the Ni1A linked H–bonded Anderson dimers. 
H atoms and cyclam ligands are omitted for clarity. Color code: violet (Mo), pink (Cr), red (O). Smaller balls represent M atoms (Ni, 
Zn) while the bigger ones stand for the POM clusters. Symmetry codes: i) x, 1+y, z. 
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Further structural changes can be observed in the 1–NiMo6 analogue, compared to the 
previous Cu and Zn derivatives. In this structure, Ni1A is the only complex moiety that 
coordinates to the terminal O atoms of the inorganic clusters, as both Ni1B and Ni1C adopt 
square planar NiN4 geometries showing the typical trans–III configuration of the ligand (Figure 
4.22). This connectivity is clearly reflected in the long distances Ni···O of the latter complexes 
compared to the other two derivatives (Table 4.6), resulting in a covalent 0D crystal assembly. 
Because of this change in the bonding of the 3d–metal, the structure can be view as H–bonded 
dimers that are linked through Ni1A to another cluster belonging to an adjacent dimmer, the 
connection of which results in supramolecular zig–zag chains along the y axis (Figure 4.22b).  
 
Figure 4.23. Connectivity and geometry of the different M(cyclam) complexes found in 1–MMo6 hybrids with atom labelling (M = 
Ni, Cu, Zn). Color code: Mo (violet), Cu (blue), Zn (orange), Ni (yellow), O (red), N (Green), C (black). Symmetry codes: 1–NiMo6: i) –
x, –y, 6–z; ii) –x, 1–y, 2–z; iii) 1–x, 2–y, 2–z. 1–CuMo6: i) –x, –y, 1–z; ii) –x, 1–y, 2–z; iii) 1–x, 2–y, 2–z. 1–ZnMo6: i) –x, –1–y, –z; ii) –x, 
–y, 1–z; iii) x, –1+y, z; iv) 1–x, –y, 1–z. 
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Despite the low–dimensional packing of 1–NiMo6, this structure display slightly higher 
number of favorable intermolecular contacts than those seen in the previous derivatives, in 
particular those N–H···O and C–H···O interactions originating from the Ni1C square–planar 
complex (Table 4.7). This is a direct result of the disposition of the ligands, which differs from 
the equivalent ones observed in Cu and Zn analogues as can be seen in Figure 4.23. Compared 
to Cu1A and Zn1A in previous structures, the equivalent ligands found in 1–NiMo6 exhibits a ca. 
11° rotation around their axial axes, whereas a more subtle 6° rotation is observed in the Zn1B 
moiety. The most important change however reside in the Zn1C complex, as it is rotated around 
its axial axes more significantly than the other two moieties (ca. 25°) which results in the 
generation of two more favorable H–bond contacts than the Cu and Zn derivatives (Table 4.7). 
 
Figure 4.24. Comparison of the distribution of water molecules of hydration and the effect in the highlighted Cr···Cr 
distance between two clusters of adjacent H–bonded dimers along the x axis. Color code: pink (Cr), blue (Cu), orange 
(Zn), yellow (Ni), red (O), Mo (violet). 
All in all, the crystal packing of 1–NiMo6 is more compacted as only 368 Å3 corresponds 
to the total solvent accessible volume (16% of the unit cell volume), which is a substantial 
decrease compared to the 25–26% calculated for the 1–CuMo6 and 1–ZnMo6 hybrids. This 
compaction is also evident in the cell parameter a which decreased nearly 0.9 Å compared to 
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the other two cells (Table 4.5), as well as the shorter Cr···Cr distances in the H–bonded dimers 
(6.1 vs 5.8 Å). As a result of the latter, the H–bond system between the two clusters in the dimers 
interact stronger in 1–NiMo6 (Table 4.7). Interestingly, the slightly different distribution of the 
water molecules seem to be responsible for the contraction of the a parameter. Even though all 
Cr···Cr distances of contiguous clusters are comparable in all three compounds, the distance 
Cr···Cr between adjacent H–bonded dimers within the same supramolecular “layer” along the x 
axis is reduced considerably for 1–NiMo6, from ca. 10.3 to 9.4 Å. The reason for this is that, even 
though they possess the same crystallization water content, the solvent molecules are slightly 
more localized along the x axis in both 1–CuMo6 and 1–ZnMo6, whereas solvent molecules in 
1–ZnMo6 appear to be more distributed along the z axis as well, allowing the clusters to get 
slightly closer in that direction (Figure 4.24). 
Finally, it is worth mentioning that we tried to measure the high–temperature phases 
observed in the variable temperature powder XRD analyses (i.e. single–crystal–to–single–crystal 
transformations). To do so, a single crystal was heated in an oven to 333 K at a rate of 1 K min–
1, and immediately afterwards covered with Paratone® oil and placed under the N2 stream of 
the diffractometer, which was ready to perform a full data collection at 100 K. Unfortunately the 
crystals were not able to maintain their integrity. Alternatively, we directly mounted a single 
crystal into the diffractometer which was at 333 K and afterwards cool down to 100 K to perform 
the data acquisition but same results were observed, preventing us from determining any 
structure. As future work, we will try to evacuate the solvent molecules by applying vacuum to 
a single crystal instead of heating and check if we can determine the solvent–free phases this 
way. Due to the high total solvent accessible volume of these hybrid framework the study of the 
sorption properties of these compounds could be interesting as well, in particular for the Cu 
analogue. 
4.4 CONCLUSIONS 
In this chapter two different heteropolyoxomolybdate systems were studied, the first one 
consisting on Strandberg–type hybrids and the second one involving Anderson–Evans type 
clusters. 
In the first section, two novel Strandberg–type hybrids have been prepared under mild 
conditions and isolated from aqueous solution, namely [{Cu(cyclam)}2(H2P2Mo5O23)].4.5H2O (1–
CuMo5) and [{H2(cyclam)}0.3{Ni(cyclam)}0.7][{Ni(cyclam)}(H2P2Mo5O23)].5H2O (1–NiMo5). 
Despite being isostructural, 1–CuMo5 exhibits an interesting 2–fold interpenetrated diamond–
like network whereas 1–NiMo5 exhibits a 1D hybrid covalent arrangement, as a consequence of 
the difference in the plasticity of the metal centers. Both hybrids undergo thermally induced 
single–crystal–to–single–crystal (SCSC) transformations upon removal of solvent molecules with 
drastically different outcomes (1a–MMo5, M = Cu, Ni). While an uncommon 1D to 3D SCSC 
transformation is observed for 1a–NiMo5 resulting in a similar interpenetrated diamond–like 
hybrid network seen in the hydrated 1–CuMo5, the latter is able to maintain its 2–fold complex 
architecture upon transforming into the anhydrous 1a–CuMo5, albeit with significant distortion 
of the initial entangled complex network. Simultaneous TGA and PXRD measurements revealed 
that the thermally triggered SCSC transformations are fully reversible for both analogues in 
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open–air conditions within a day. To our knowledge, this is the first report describing 
Strandberg–type POMs undergoing such interesting thermally activated phase transitions.  
Regarding the second section, three novel Anderson–type hybrids have been isolated 
from aqueous solution under mild conditions by grafting different 3d–metallocyclam  
complexes, namely [{Cu(cyclam)}3(H6CrMo6O24)2].18H2O (1–CuMo6), 
[{H2(cyclam)}1.3{Zn(cyclam)}0.3][{Zn(cyclam)}1.4(H6CrMo6O24)2].18H2O (1–ZnMo6) and 
[{Ni(cyclam)}2][{Ni(cyclam)}(H6CrMo6O24)2].18H2O (1–NiMo6). Despite being isostructural, these 
hybrid compounds exhibit covalent multidimensional architectures comprising covalent 2D, 1D 
and 0D topologies respectively, due to the different nature of the 3d–metal and their 
coordination ability. While the cell parameters and the relative arrangement and disposition of 
the building blocks in the asymmetric unit, are virtually identical in 1–CuMo6 and 1–ZnMo6 
derivatives, notable structural differences in the geometry of the metalorganic moieties and 
distribution of water molecules were observed for the 1–NiMo6 analogue, which led to a more 
compacted 0D crystal packing for the latter. Thermostructural studies indicate that at least one 
high temperature phase must exist for each derivative above 50 °C but we could not structurally 
characterized any of them because of the brittleness of the crystals upon heating.  
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INCORPORATION OF HYBRID POMs 
ONTO TAILORED POLYMERIC SURFACES  
Chapter 5 
 
POMs, as nanometric inorganic components with intrinsic 
multifunctionality, are considered well‒defined platforms for the 
development of new materials. By reducing the structural 
dimensions of the POMs from bulk solids to low‒dimensional 
structures (i.e. at the surface of nanoparticles or interphases of 
films), these nanoclusters can be used as components for 
functional devices such as electrodes, electronic circuits, as well as 
heterogeneous catalyst and soft materials, among others. In this 
final chapter, the preliminary work in a new research line within 
our group involving the immobilization of hybrid POMs onto 
functional polymeric surfaces is exposed and discussed. Thus, 
various hybrid polymer‒inorganic films were prepared by 
anchoring selected hybrid POMs into tailored polymeric surfaces 
that consist on “breath figures” made of polystyrene‒b‒
poly(acrylic acid)/polystyrene (PS‒b‒PAA/PS) blends (BF). The 
functionalization of the BF films was performed by interfacial 
migration of the amphiphilic block copolymer toward the pores 
located at the interface to expose the anchoring/coordination 
sites. These carboxylic acid functional groups contained within the 
PAA blocks were then employed to anchor 1‒CuV1, 1‒CuV10, 1‒
CuW7 and 1‒CuMo5 hybrid POMs by immersing the films into 
aqueous solutions of the in situ formed hybrid clusters. 
Alternatively, various hybrid gel composites were also synthetized 
by direct mixing of the carboxylic block PAA and solutions 
containing the hybrid POMs, from which different hybrid surfaces 
were prepared (HS). The superficial analysis of these polymeric 
films was carried out by sophisticated ion beam‒based techniques 
such as Low‒Energy Ion Scattering (LEIS, for HS samples) and 
Time‒of‒Flight Secondary Ion Mass Spectrometry (ToF‒SIMS, for 
BF films), the fundamentals of which are also briefly discussed 
here in the introduction. 
5.1. Introduction 
5.2. Experimental Section 
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INCORPORATION OF HYBRID POMs ONTO TAILORED POLYMERIC 
SURFACES  
5.1 INTRODUCTION 
5.1.1 POM‒based Organic‒Inorganic Composites 
Organic‒inorganic composites represent one of the current hot topics in materials science 
due to the possibility of combining the specific characteristics of two different components in a 
single material to obtain unusual properties that may result in novel applications. Recently, the 
association of inorganic and organic species in hybrid composites has made available a vast 
scientific area around the development of multifunctional materials. Because of their 
outstanding features 1  and consequent applicability in current issues of interest related to 
technology, health, energy, and environment,2 these anionic clusters are widely recognized as 
one of the most interesting types of inorganic components suitable for being incorporated into 
multifunctional materials.3 In recent years, POMs have been combined as inorganic components 
with amphiphilic molecules or cationic surfactants to construct several discrete architectures 
(micelles, capsules, vesicles), monodimensional arrangements such as fibers, wires and tubes, 
or highly ordered bidimensional arrays like self‒assembled monolayers, Langmuir and 
Langmuir‒Blodgett films as well as Layer‒by‒Layer structures for diverse applications including 
catalytic, photoluminescent and photo‒ or electrochromic devices4 (Figure 5.1). POMs have also 
been incorporated to several types of organic materials, like carbon nanotubes, graphene, 
metal‒organic frameworks, and diverse polymeric matrices either by adsorption or by co‒
polymerization when derivatized with suitable functionalities.5 
 
Figure 5.1. Structural and dimensional diversity in polyoxometalate‒based organic‒inorganic composites for a variety 
of different potential applications. 
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Immobilization of POMs onto solid surfaces represents a key step toward processing these 
nanoclusters into functional and practical devices.6 For instance, the anchorage of a given POM 
to a solid substrate can lead to the combination of its inherent catalytic activity in homogeneous 
phase with the ease of recovery and recycling characteristic of heterogeneous catalysts, which 
represents a clear demand for actual industrial purposes.7 Different solid substrates have been 
employed as POM supports, such as oxides (alumina, silica), metals (silicon and gold) or highly 
oriented pyrolytic graphite.8 Since POMs are negatively charged, their immobilization usually 
relies on electrostatic interactions, which might lead to partial leaching of these clusters from 
the target surfaces. Usually, surfaces are functionalized with positively charged residues and/or 
H‒donor groups to enhance the electrostatic interactions and/or to generate a reinforcing 
network of intermolecular hydrogen bonds, although this does not ensure that the leaching 
phenomenon is completely avoided. Thus, different strategies based on the covalent linkage of 
POMs have been applied to overcome this, 9  like using organically derivatized POMs and 
substrates bearing complementary functionalities to induce the formation of a covalent bond 
(e.g. amino and carboxylic groups) 10  or grafting N‒donor groups on the solid surface to 
coordinate 3d‒metal substituted‒POMs with terminal aqua ligands. 11  However, the former 
approach limits the catalogue of suitable POMs mainly to lacunary derivatives of the Keggin and 
Wells‒Dawson type anions. To our knowledge, only one example of hybrid film composite 
involving POMs and diblock copolymers has been described in the literature up to now, in which 
the formation of aggregates in solution is employed to direct the self‒assembly of highly ordered 
films with inverse hexagonal topology.12  
Up to date the most common route to the integration of POMs into functional 
architectures and devices relies on inorganic/organic hybrids. However, the direct preparation 
of functional POM‒based materials has been rather scarce because POMs usually are crystalline 
solids that are hard to process. Overcoming this hindrance could result in the design and 
fabrication of novel functional materials that combine the unique properties of POMs and 
counterpartners (e.g., magnetism, conductivity or optical properties, sensing and so on), which 
are expected to be the focus of future developments within this field. Instead of using 3d‒
centers incorporated into the POM, (i.e. metal‒substituted POMs) we decided to try a similar 
coordinative approach mentioned above but employing a transition‒metal belonging to a 
metalorganic complex covalently linked at the POM surface (i.e. a class II hybrid POM) as the 
anchorage point instead (Figure 5.2). For this purpose, we selected hybrid POMs containing 
copper(II) complexes of cyclam because of the plasticity of the coordination sphere of the CuII 
centers and the Jahn−Teller elongation they undergo when involved in octahedral environments 
to act as potential flexible anchoring point toward carboxylate‒terminated polymeric blends. 
This way, the cyclam macrocyclic ligand should allow the axial positions of the coordination 
sphere of the metal to be readily available to coordinate to the carboxylic functions of the 
poly(acrylic acid) block. In order to test the reactivity of the macrocyclic copper complex toward 
the PAA, we reacted an in situ prepared solution of the macrocyclic complex with commercial 
hydrophylic poly(acrylic acid), which led to the formation of a purple homogeneous gel. Similar 
gels were obtained when reacting solutions of Cu(cyclam) containing POMs with solid PAA under 
the same conditions (Figure 5.2). 
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Figure 5.2. Different strategies for the inmobilization of POMs onto polymeric surfaces along the model systems used 
in this work (top left), as well as an schematic representation of the static breath figure preparation method (BF, top 
right) and hybrid surfaces (HS, bottom). PS = polystyrene; PAA = poly(acrylic acid). 
In this chapter, we describe the preparation of functionalized “breath figures” films (BF) 
composed of polystyrene‒b‒poly(acrylic acid)/polystyrene blends (PS‒b‒PAA/PS). As will be 
depicted, the surface segregation of the poly(acrylic acid) block allows the immobilization of 
POMs via their flexible polystyrene branches terminated with O‒donor polycarboxylic residues 
which are located primarily in the cavities of the surface. The static procedure for breath figure 
patterning method used in this work is schematized in Figure 5.2: a) a diblock amphiphilic 
copolymer solution in a high volatile solvent is cast onto a substrate under adequate relative 
humidity, b) The fast evaporation of the solvent temporally cool down the solvent/air interface 
and water droplets begin to deposit by condensation of H2O from the humid air; c) these 
droplets grow over time while d) the hydrophilic block is oriented towards the water droplets; 
and finally e) the solvent droplets evaporate leaving pores functionalized with the hydrophilic 
block of the copolymer. The hybrid POMs selected as initial models to test the anchoring 
capability of these films were the 1‒CuV and 1‒CuV10 polyoxovanadates, the Strandberg‒type 
polyoxomolybdate 1‒CuMo5 and the heptatungstate 1‒CuW7 hybrids, which were studied in 
chapters 2, 3 and 4, respectively. Alternatively, a series of different surfaces labelled as HS were 
made from the colored gels obtained by reaction of each POM with PAA following a simple 
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procedure as previously mentioned. These gels were soaked in water, press between two 
sample holders with the aid of a Nd‒based magnet and freeze with liquid nitrogen in order to 
flatten the samples. After cooling down to room temperature, the composite gel were detached 
form the glass yielding moderately flat surfaces, labelled as HS samples (Figure 5.2).  
Among the wide range of available surface analysis techniques, ion beam‒based 
techniques, such as Time‒of‒Flight Secondary Ion Mass Spectrometry (ToF‒SIMS) and Low‒
Energy Ion Scattering (LEIS), are recently being considered as very powerful characterization 
tools for materials research and development due to their analytical capabilities for the 
determination of the chemical and isotopic composition at the surface and near‒surface 
regions.13 These hybrid POM‒polymer surfaces were characterized during a stay at I2CNER at 
Kyushu University (Fukuoka, Japan) using LEIS and ToF‒SIMS surface analysis techniques, the 
fundamentals of which will be briefly described in the following pages. 
5.1.2 Low Energy Ion Scattering (LEIS) 
Low‒Energy Ion Scattering (LEIS) has existed as an analytical technique since the late 
1960’s, but important advances in instrumentation have dramatically improved its capabilities 
and applicability in recent years. 14  Unlike X‒Ray Photoelectron Spectroscopy (XPS), which 
analyze the first few nanometers of a given material, the greatest strength and unique feature 
of LEIS is that it is sensitive to the outermost atomic layer of a material.14,15 Because these final 
atoms of a surface often govern the chemical interaction with other materials, LEIS is a powerful 
tool for understanding the relationship between surface composition and important 
phenomena including but not limited to catalysis, wetting, diffusion, adhesion, and 
contamination issues.14d,16 
 
Figure 5.3. Fundamentals of Low‒Energy Ion Scattering (LEIS) surface analysis  technique. 
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In a conventional LEIS experiment, a low energy beam of noble gas ions (typically He+, Ne+ 
or Ar+ and, less frequently, Kr+) in the range of 1–8 KeV is directed onto a sample surface under 
ultra‒high vacuum (UHV) conditions. When these primary ions backscatter as a result of 
collisions with the surface atoms, they lose energy and this energy loss is a function of the 
masses of both the projectile ion and the analyte atom at the surface (Figure 5.3). Ions 
backscattered through an angle of 145° with respect to the incident direction are able to enter 
the double toroidal kinetic energy analyzer and can be detected by the position sensitive 
detector. The energy of the backscattered ions is then measured, and the change in kinetic 
energy between the initial energy and that of the backscattered ion is used to identify the 
analyte atom by mass. One of the main strengths of LEIS is its very high surface specificity, as 
primary ions penetrating deeper than the first atomic surface layer are very effectively 
neutralized by the atoms underneath, and hence, are unlikely to be detected since only ionic 
species can be detected in LEIS. Figure 5.3 shows the fundamental concepts of the experiment 
along with the governing equation of LEIS.14a The variables in this equation are the energy of the 
primary ion (EP), the energy it has after scattering (ES), the mass of the primary ion (MP), the 
mass of the particle it scatters off of (MS) and the angle (θ) through which the scattering takes 
place. A condition for Equation 1 shown in Figure 5.3 is that MS/MP ≥ 1, that is, the surface atom 
from which scattering occurs must be heavier than the ion striking it. If this condition is not 
fulfilled (for instance, He+ strikes a hydrogen atom), no backscattering takes place, only forward 
scattering, and no LEIS signal will be observed. Thus, LEIS can be used to detect all elements in 
the periodic table except for H and 2He. 
In a typical LEIS experiment EP, MP, θ, and ES are known or defined by the apparatus, and 
thus, MS can be determined. The LEIS equation can be derived entirely from classical physics 
using the principles of conservation of energy and momentum. In practice, however, there are 
inelastic contributions to the scattering process, which shift the measured scattering energies 
to slightly lower energies than those calculated using Equation 1 and give the peaks in LEIS 
spectra a Gaussian shape,14d which are directly related to the surface coverage of a certain 
element/isotope at the sample. LEIS identifies elements by their masses, and successful 
identification of an element depends on optimizing the analysis parameters so that one nuclear 
mass can be distinguished from another similar mass based on the energies of their 
backscattered particles (i.e. mass resolution).14c,d The most important parameters that the user 
can control to optimize mass resolution in LEIS are the type and energy of the ions used to probe 
a surface. Indeed, different noble gas ions show different sensitivities to surface atoms with 
different masses. For example, He+ projectiles are very discriminating to the lighter elements up 
to Ms = 40 u, while Ne+ shows a higher resolution power for elements with Ms = 41‒105 u. In 
contrast, Ar+ is typically used for heavy analytes in the range Ms =106‒199 u while Kr+ is best 
employed for the heaviest of elements for Ms > 200 u. Thus, in general, heavier atoms are 
generally better analyzed by heavier probe ions, a fact that can be deduced directly from 
Equation 1 in Figure 5.3.  
LEIS also provides isotopic information with detection limits in the order of the few % of 
a monolayer. However, as the LEIS instrument offers maximum surface sensitivity, chemical 
sample cleaning prior to the analysis is considered imperative in most cases in order to eliminate 
ambient moisture that could potentially affect the LEIS signal from the target surface. In these 
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cases, atomic oxygen provides the means to remove organic contaminants from the surface 
without causing structural damage. The oxygen atoms are extremely reactive and will form 
gaseous molecules like CO, NO or H2O, which are then pumped off, and thus, most of LEIS 
instruments are equipped with an atomic oxygen generator (Figure 5.4). The ion scattering 
processes exploited in LEIS take place on a very short time scale, which leads to the target atoms 
behaving like free particles. This so‒called matrix independence provides the opportunity to 
obtain absolute quantification values for the elemental composition of the outermost atomic 
layer of the sample, undisturbed by the chemical environment and the sample roughness, as 
opposed to SIMS. There are several methods to perform such quantification (using reference 
samples and/or tabulated sensitivity factors, two component systems, relative quantification, 
and converting LEIS signals to atomic concentrations), but all of them are based on the analysis 
of the peak areas of the relevant surface peaks in the LEIS spectrum. These values are directly 
proportional to the surface coverage of the corresponding element. As the proportionality 
factors depend on the instrument settings and may vary somewhat from instrument to 
instrument, reference samples are often used to compare samples to standardized materials 
with well‒known surface compositions. Therefore, quantitative LEIS analysis can be considered 
to be straightforward in planar oxidic surfaces.17  However, it should be noted that a good 
quantification requires the samples to be very flat. 
 
Figure 5.4. LEIS instrument Qtac100 with locations of key components labelled (I2CNER, Kyushu University, Japan). 
HBGIS = High Brightness Gas Ion Source; DSC‒S= Dual Source Column‒Sputtering; UHV = Ultra‒High Vacuum. 
Along with its mono‒atomic layer resolution, a LEIS spectrum contains inherently depth 
profile information about the outer ca. 5‒10 nm of a material. This is typically referred to as a 
static depth profile because this information can be obtained without sputtering, which implies 
that less than 1% of the surface is bombarded during the analysis.18 Usually the ion fluence can 
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be kept below this “static limit”, which varies depending on the primary ion (He+, Ne+,…), and 
therefore avoids or at least substantially reduces any perturbation in the original composition 
of the sample material (static LEIS is considered non‒destructive). While signals from the sample 
surface in LEIS result in Gaussian peaks at well‒defined energies, the in‒depth signal in LEIS 
appears as a tail on the low‒energy side of the surface peak originated from the reionized 
neutrals (Figure 5.3). As the noble gas ions from the probe beam penetrate the sample surface, 
they are immediately neutralized due to their high ionization energy. However, they continue 
to travel through the sample, losing energy from small angle scattering events with atoms below 
the surface of the sample. At some depth below the surface, backscattering events may occur, 
sending the noble gas atoms towards the surface while continuing to lose energy as they return 
to the surface. When these neutral noble gas atoms leave a solid, a fraction of them are 
reionized and thus, these reionized neutrals can be detected and provide the static depth profile 
information mentioned above. However, it must be noted that this reionization process depends 
heavily on the surface chemistry of the sample.14d 
In contrast, by simultaneous sample erosion using a second, high intensity ion beam (dual 
beam mode), the composition of the material can be determined as a function of depth within 
a range of some 100 nm (Figure 5.3). This is known as dynamic depth profile and it is destructive, 
as opposed to the static regime commented above, since a series of partial spectra are acquired 
between successive sputter cycles. Each sputter cycle will erode a significant depth of the 
sample, exposing usually a "fresh" surface that is not influenced by the primary beam 
bombardment of the previous analysis cycle. This can be assured by sputtering at least 1 or 2 
monolayers of material with the low energy sputter beam. Although this will obviously modify 
the surface, it will at least return it to conditions dominated by low energy sputtering. After the 
sputtering cycle however, the acquisition dose of the partial spectrum should remain below the 
static limit to ensure that the primary beam does not change the surface composition while the 
partial spectrum is being acquired. When doing depth profile experiments, it is important that 
the two ion beams for analysis and sputtering are aligned relative to each other and that the 
size of the sputter crater is a little larger than that of the analysis area. These conditions ensure 
that the secondary ions being counted are being emitted from the flat center of the sputter 
crater and therefore, crater edge effects can be avoided. In addition to both static and dynamic 
depth profiling, LEIS also provides 2D imaging of the target surface. However, as the LEIS 
intensities are often low, the statistics in these images usually are not sufficient to show bright 
images without applying a destructive dose to the analyzed sample area. Nevertheless, these 
images could contain valuable lateral information which may be extracted by defining regions 
of interest and reconstructing the spectra from these areas to compare the elemental surface 
composition of different lateral phases. 
It is important to note that the surface of non‒conducting samples will charge during the 
course of bombardment with positive ions, generating charged secondary particles, which are 
mainly secondary electrons. This fact leads to the surface acquiring an overall positive charge. 
Consequently, the spread in scattered ion energy is also increased compared to a conductive 
sample, shifting and compressing the LEIS spectra towards higher energies. The charge 
compensation showers the sample with low energy electrons to negate these charging effects, 
resulting in a surface potential close to 0 V. However, as the current density of the sputter ion 
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beam is typically much higher than that of the analysis beam, it may be advisable to include a 
pause after each sputter phase to allow some time for compensating the remaining charge from 
the sputter phase before the acquisition of the next partial spectrum starts. 
In summary, LEIS is an exquisitely surface sensitive analytical tool that provides the 
elemental composition of the outermost atomic layer of a surface. This capability is truly 
extraordinary and unique. LEIS consists of the bombardment of surfaces with low energy noble 
gas ions, the scattering of which is quite well described classically. Accordingly, different noble 
gas ions show different sensitivities to surface atoms with different masses, and heavier atoms 
are generally better analyzed by heavier probe ions. LEIS also provides depth profile information 
about the upper ca. 5‒10 nm of a material without the need of sputtering. As a result, LEIS 
occupies a space that neither XPS nor ToF‒SIMS does. 
5.1.3 Time‒of‒Flight Secondary Ion Mass Spectrometry (ToF‒SIMS) 
Mass spectrometry (MS) is one of the most widely used chemical analysis techniques. Its 
prominence originates from the fact that, in many of its embodiments, MS provides low 
detection limits, high resolution, a large dynamic range, high speed, as well as both molecular 
and elemental information of all elements and isotopes in the periodic table. As SIMS is the 
solid‒state analogue of MS, it has found extensive use in many highly diverse areas within both 
industry and academia (material, earth‒, bio‒ and environmental sciences as well as 
cosmology), in which the distribution of isotopes, elements, and/or molecules on or within a 
specific region of the substrate is of interest.19 SIMS has experienced an extensive growth and 
sophistication within many divergent fields over the past few decades. With its 
commercialization starting in the late 1960s, numerous instrument types and geometries exist 
nowadays. Among them, SIMS instruments equipped with Time‒of‒Flight analyzers (ToF‒SIMS) 
are considered one of the most sensitive surface analysis techniques because they provide 
essentially parallel detection across the entire mass range, in such a way that a nearly complete 
mass spectrum is collected from every pulse of primary ions. 20  This feature is extremely 
important for surface analysis because surfaces have so little material associated with them.21 
As a result, ToF‒SIMS allows the characterization of submicron scale regions within planar solids 
to high sensitivity and dynamic range with detection limits in the range of ppm–ppb levels along 
with spatial resolutions in the order of the sub‒micron (lateral) and nanometer (depth) scales.19  
In a conventional ToF‒SIMS measurement, a sample surface is bombarded with a pulsed 
energetic beam of primary ions (typically Cs+, Ga+, In+, Au+, Binq+ clusters where n = 1‒7, q = 1‒3; 
or C60+) in the range of 0.1–50 KeV under ultra‒high vacuum (UHV) conditions. The pulsing is 
necessary so that all of the secondary ions have, at least nominally, the same starting time. Upon 
impact, the primary ion generates an intense but short‒lived collision cascade resulting in the 
reallocation of many atoms of the matrix.22 Some of the atoms near the surface receive enough 
energy to leave it; and thus, they are sputtered from the sample (Figure 5.5). Usually, a rather 
small fraction of these sputtered particles are ionized. These secondary ions are then 
accelerated to energies of several keV into a flight tube with a pulsed electric field, before being 
allowed to drift though a field‒free region and separated according to their speed using a time‒
of‒flight mass analyzer. The latter operates on the assumption that all incoming ions have the 
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same kinetic energy per unit charge, but that the velocities of the ions differ depending on their 
masses. Since different velocities result in different flight times, the latter can be measured and 
used to calculate the masses of the secondary ions.19  
 
Figure 5.5. Fundamentals of Secondary Ion Mass Spectrometry (SIMS) technique. UHV = Ultra‒High Vaccum. 
A ToF‒SIMS instrument analyzes a sample to a depth of several atomic layers, and is 
generally more surface sensitive than X‒Ray Photoelectron Spectroscopy (XPS), which is the 
most widely used surface analysis tool.23 Other noteworthy features of ToF‒SIMS are its parts‒
per‒million to parts‒per‒billion detection limits, its fast data acquisition time (seconds to 
minutes per sample), and its high spatial resolutions in the order of the sub‒micron (lateral) and 
nanometre (depth) scales. In ToF‒SIMS, sample cleaning is very important, but atomic oxygen 
cleaning is neither common nor necessary as it is in LEIS. Compared to LEIS, ToF‒SIMS with its 
greater sampling depth is much less affected by a small amount of surface hydrocarbons. On top 
of that, since it provides molecular information, ToF‒SIMS is a powerful tool for identifying 
surface contamination, e.g., polydimethylsiloxane (PDMS), 24  plasticizers, 25  etc... Of course 
atomic oxygen is ideal for cleaning most metal oxide samples (often analyzed by LEIS), but it 
would be damaging to most organic materials (often analyzed by ToF‒SIMS). Similar to LEIS, the 
application of SIMS can be subdivided into two modes, those being static and dynamic SIMS.  
In surface spectroscopy or static SIMS mode,19 elemental as well as molecular information 
about the chemical composition of the surface can be obtained with high sensitivity. In close 
analogy to the Static LEIS, the former consists on irradiating the sample surface with a very low 
dose of primary ions so that each primary ion arriving at the sample surface should impact on a 
previously undamaged site. This can be achieved if the primary ion dose is kept below the static 
limit,  and thus, the contribution of already damaged surface areas can be neglected (static SIMS 
is considered non‒destructive, just like static LEIS). Since the information depth in SIMS is 
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essentially a few monolayers, this mode of analysis yields near atomic resolution on the surface 
monolayer. The information is usually shown in the form of mass spectra or 2D images. The mass 
spectrometric imaging can be achieved by focusing and rastering the ion beam over a defined 
surface area where the secondary ion intensity for a given mass‒to‒charge ratio (m/z) can be 
mapped with high lateral resolution. At each pixel of the raster, a full mass spectrum is recorded 
that can be assigned to a certain position on the sample surface. By selecting certain mass peaks 
out of the spectra, 2D surface images can be generated for the corresponding species. The low 
dose of primary ions used in static mode greatly minimizes the damage done to the sample 
surface at the cost of a decreased sensitivity, compared to that of dynamic SIMS.19 In addition, 
since there are not significant sputtering processes in static SIMS, depth profiles as well as 3D 
imaging are not permitted. The primary parameters of interest in Static SIMS are: a) sensitivity 
and best possible detection limits; b) high mass resolution; and c) spatial resolution. 
Unfortunately, optimizing one of the above generally minimizes one or more of the others.  
In dynamic SIMS,19 the primary beam probes the constituents present at the surface and 
below through the removal or sputtering of many layers per analytical cycle and hence, this 
mode is destructive. Just like in dynamic LEIS, the sputtering is usually performed by a secondary 
ion gun while the analysis of the secondary ions is done by the primary gun (dual beam mode), 
although the primary beam can act as analysis and sputter beam simultaneously (single beam 
mode). As sputtering removes atoms/molecules present at the outer surface of a solid and 
damage is of minor concern (opposite to Static SIMS), measurement of the secondary ion signal 
as a function of sputtering time or ion dose provides the depth distribution of the signal 
measured, that is, a depth profile. Similar to LEIS, to record a depth profile, the ion beam is 
scanned over the surface, usually in a square digital pattern, ensuring that both the primary and 
sputter beam overlap exceeds 50% to avoid potential crater edge effects. This way, depth 
profiles ranging from several nm up to 10 μm can then be collected. Under ideal conditions, the 
depth resolution can surpass 1 nm. In addition, 3D images can be also constructed in dynamic 
mode by overlaying 2D images collected as a function of sputtering time in the same way a depth 
profile is constructed, which provides additional useful information. The primary parameters of 
concern in dynamic SIMS are: a) sensitivity along with the best possible detection limits and 
dynamic range, b) high mass resolution and c) depth resolution. Just like in static SIMS, 
optimizing one of the above generally comes at the cost of one or more of the others. There are, 
however, a number of modes under which a SIMS instrument can be operated such as high 
current bunched mode (HCBM), burst alignment mode (BAM) or collimated mode (CM), with 
each optimized for a particular type of analysis, whether pertaining to the collection of mass 
spectra, depth profiles, or images in two or three dimensions. In close analogy to LEIS, surfaces 
of insulating targets are easily charged up by primary ions, which badly influence the TOF‒SIMS 
measurement. To avoid this, the low‒energy electron floodgun (0‒21 eV) must be used to 
compensate the superficial charge of the sample. 
Despite the powerful attributes of the technique, ToF‒SIMS has unfortunately some 
important weaknesses.20 First, sputtering damages surfaces, although in its static mode the 
degree of damage is small enough that ToF‒SIMS can be considered to be non‒destructive. In 
depth profiling, damage from the sputter beam can cause some degree of mixing of atomic 
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layers, which degrades mass resolution. Surface bombardment with ions can also break chemical 
bonds, causing a loss of molecular information. The choice of sputter beam and sputter 
conditions can mitigate these effects though. Perhaps the biggest drawback of ToF‒SIMS is that 
it suffers from a strong matrix effect as opposed to LEIS, the effects of which are difficult to 
account for. That is, the signals from certain species can be enhanced or suppressed depending 
on what other species are present around them which makes quantifying the recorded signal/s 
quite difficult. As a result, quantification requires that matrix‒matched reference materials be 
analyzed in concert with the sample of interest which can be quite tedious. Hence, ToF‒SIMS is 
often, at best, semi‒quantitative.20 Figure 5.6 shows the ToF‒SIMS instrument with the key 
components labelled. 
 
Figure 5.6. ToF‒SIMS instrument ION.TOF5 with locations of key components labelled (I2CNER, Kyushu University, 
Japan). LMIG = Liquid Metal Ion Gun; DSC‒S = Dual Source Column‒Sputtering; GCIB = Gas Cluster Ion Beam; UHV = 
Ultra‒High Vacuum. 
In summary, ToF SIMS is based on the mass spectrometric detection of the secondary ions 
emitted from the surface as a consequence of ion bombardment, providing information about 
the elemental and molecular compositions within two or three atomic layers of the immediate 
surface. ToF‒SIMS is one of the most sensitive surface analysis techniques with limits of 
detection in the range of ppm–ppb levels with spatial resolutions in the order of the sub‒micron 
(lateral) and nanometre (depth) scales. The main drawback is that it is considered a 
semiquantitative technique due to a strong matrix effect. Nevertheless, ToF‒SIMS along with 
LEIS, is considered one of the most powerful techniques in surface chemistry due to their 
analytical performance to provide powerful, comprehensive surface and material 
characterization when used together (Table 5.1). 
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Table 5.1. Summary and comparison of the analytical performance of ToF‒SIMS and LEIS techniques. 
 ToF‒SIMS LEIS 
Samples UHV compatible, flat surfaces Rough and powdered samples 
Mass range Up to 14 000 u Z > 3 (for 3He+ scattering) 
Chemical information Elemental and molecular Elemental 
Oxidation state information Through molecular fragments None 
Primary ions LMIG: Bi+, Bi3+, Bi32+ Noble gas ions (He+, Ne+, Ar+, Kr+) 
Primary ion energy 30 KeV 1–8 KeV 
Static DP No Inherent, ca. 10 nm 
Dynamic DP With sputter gun With sputter gun 
Matrix effect Strong Essentially none 
Quantitative results Relatively poor Excellent 
Resolution unit mass resolution ‒ 
Lateral resolution Micron to submicron ca. 10 microns 
Information depth 2–3 atomic Layers 1st atomic layer 
Limit of detection ppm–ppb 
Lighter elements: a few % of a ML 
Heavier elements: 0.1 –1 % 
DP = Depth Profiling; LMIG: liquid metal ion gun; ML = monolayer. 
5.1.4 Summary  
In this final chapter, the first steps within a new research line established within our group 
in the Departamento de Química Inorgánica together with Departamento de Química‒Física at 
the Facultad de Ciencia y Tecnología at UPV/EHU have been carried out, which consist in the 
incorporation of POM clusters into tailored polymeric surfaces for diverse potential applications. 
In this preliminary work, “breath figures” surfaces were made of polystyrene‒b‒poly(acrylic 
acid)/polystyrene (PS‒b‒PAA/PS) blends (BF) whereas their functionalization was performed by 
interfacial migration of the amphiphilic block copolymer toward the interface to expose the 
anchoring/coordination sites. These carboxylic acid functional groups contained within the PAA 
blocks were then used to anchor 1‒CuV10, 1‒CuV1, 1‒CuMo5 and 1‒CuW7 hybrid POMs by 
immersing the films into aqueous solutions of the in situ formed hybrid clusters. Alternatively, 
during reactivity tests between poly(acrylic acid) (PAA) and the selected POMs, various hybrid 
gel composites were also synthetized by direct mixing of the carboxylic block PAA and solutions 
containing the hybrid POMs, from which different hybrid surfaces were prepared (HS samples). 
The superficial characterization of these organic‒inorganic composites was carried out by means 
of ion beam based techniques, such as low‒energy ion scattering (LEIS, HS samples) and time‒
of‒flight secondary ion mass spectrometry (ToF‒SIMS, BF samples). 
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5.2 EXPERIMENTAL SECTION 
5.2.1 Materials and Methods 
Materials and Methods. Styrene (St) (Aldrich, 99%) and t‒butyl acrylate (tBA) (Aldrich, 
98%) were distilled under reduced pressure over calcium hydride prior to their use. Polystyrene 
(PS) [Mw = 300000 g mol‒1, polydispersity index (PDI) = 1.80] and poly(acrylic acid) (PAA) (Mw = 
450000 g mol‒1) were purchased from Polysciences (USA). Copper (I) bromide (CuBr) (Aldrich, 
98%), N,N,N’,N’’,N’’,‒pentamethyldiethylenetriamine (PMDETA) (Aldrich, 99%), ethyl‒2‒
bromoisobutyrate (EtBr) (Aldrich, 98%) and tetrahydrofuran (THF) (HPLC grade) were purchased 
from Scharlab (Spain) and used without further purification. All other chemicals were obtained 
from commercial sources and used without further purification as well. The polymer solutions 
were cast in a round glass coverslips of 20 mm diameter purchased from Marienfeld (Germany). 
Water used was MilliQ grade. 
1H‒Nuclear Magnetic Resonance (1H‒NMR). 1H‒NMR spectra of the synthetized 
copolymers were recorded at room temperature on a Bruker Avance 400 MHz spectrometer, 
using the residual proton resonance of the deuterated solvent as internal standard.  
Size Exclusion Chromatography (SEC). Average molar masses and molar mass 
distributions of the polymers were determined by SEC in DMF in a Waters equipment using two 
Waters columns. Calibration was obtained using narrowly‒distributed polystyrene standards 
and DMF as the mobile phase at a flow rate of 0.5 mL min‒1. 
Secondary Electron Microscopy (SEM). The BF samples were coated with gold, prior to 
scanning, using a Fine coat ion sputter JFC‒1100. Scanning electron microscopy (SEM) 
micrographs were taken using a Hitachi S‒4800 (150 s, 20 mA, 5.0 kV, zoom at 2000). 
Optical microscope imaging. Optical images of HS and BF samples were taken using a 
LEXT 3D measuring laser microscope OLS4000 Olympus in scanning XYZ mode using a MPLAPON 
LEXT20 lens to check the relative roughness of the samples. 
Low Energy Ion Scattering (LEIS). Superficial characterization of HS samples was carried 
out by LEIS measurements. The LEIS instrument (Qtac100) is fitted with an electron ionization 
source to produce a noble gas beam (e.g.: He+, Ne+, and Ar+). The primary ion beam is incident 
normal to the surface at a typical energy between 1 to 8 KeV. The backscattered primary ions 
are analysed using a double toroidal analyser (DTA) which allows parallel energy detection at a 
scattering angle of 145° over all azimuthal angles, providing improved detection limits and mass 
resolution compared to conventional instruments.18a Although ion fluence during the LEIS 
analysis is always kept below the static limit, some sputtering of adsorbed species or light atoms 
on the surface might be produced and then detected by the DTA. These sputtered species give 
rise to an undesirable exponential background signal at low scattering energies, which hampers 
the detection of low Z atoms on the surface. Depth profiling was performed using a 1 KeV Ar+ 
sputtering beam. 
Time of Flight‒Secondary Ion Mass Spectrometry (ToF‒SIMS). Superficial 
characterization of BF samples was carried out by Tof‒SIMS measurements. The ToF‒SIMS 
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instrument (TOF.SIMS5) is fitted with a 30 keV Bi+ analytical beam and several sputter sources 
producing O2+, Ar+ and Cs+ beams, which can be operated in an energy range between 0.2–2.0 
KeV. Both analytical and sputtering beams are incident at 45° to the sample surface, and are 
alternated during depth profiling analysis in a dual beam mode. The sputtered secondary ions 
are extracted during the analytical beam pulse and introduced into the ToF analyzer by applying 
an extraction voltage of 2 KeV. Since the analytical pulse is very short, the ion fluence is kept 
below the static limit (less than 1% of the surface is sputtered), minimizing surface damage 
during the analysis. In order to neutralize any charge that might build‒up on the surface during 
the ion bombardment of insulating samples, a low energy (20 eV) electron beam floods the 
surface during the sputtering cycle. The analysis is performed in a small area at the center of the 
sputtered crater in order to avoid crater edge effects during depth profiling. 
5.2.2 Synthetic Procedure 
Synthesis of the Copolymer Polystyrene‒b‒poly(acrylic acid) (PS53‒b‒PAA25). The 
synthesis of the diblock copolymer PS‒b‒PAA have been prepared by Atom Transfer Radical 
Polymerization (ATRP) in three steps, following previously reported 26  procedures briefly 
described below: 
Synthesis of the Polystyrene (PS‒Br) Macroinititator by ATRP. The polystyrene was 
synthesized by atom transfer radical polymerization (ATRP). The polymerization was performed 
in a Schlenk flask. ATRP was carried out using the following stoichiometry: [M]/[I]/[CuBr]/[L] = 
50:1:1:1, where M = styrene, I = initiator (ethyl‒2‒bromoisobutyrate), and L = ligand 
(N,N,N’,N’’,N’’‒pentamethyldiethtylentriamine, PMDETA). The reactants were added under N2. 
The reaction mixture was then degassed by three freeze‒pump‒thaw cycles and placed in a 
thermostated oil bath at 65 °C. When the polymerization was over, the Schlenk flask was 
introduced in a Dewar container filled with liquid N2 to freeze the reaction mixture. The mixture 
was then cooled down to room temperature. The polymeric reaction was diluted in 
tetrahydrofurane (THF) and passed through a neutral alumina column to remove the copper 
salt. After that, the solvent was removed by evaporation and the polymers were precipitated in 
ethanol, filtered, washed and dried under vacuum. Average molar masses and polydispersity 
index of the polymer were 6620 g.mol‒1 and 1.04, respectively. 
Synthesis of PS‒b‒PtBA by ATRP. The copolymer was synthesized by ATRP using the same 
procedure above. In this case, the stoichiometry was [M]/[I]/[CuBr]/[L] = 100:1:1:1, where M = 
t‒butyl acrylate, I = macroinitiator PS‒Br and L = PMDETA. The PS‒Br macroinitiator was 
dissolved in degassed acetone (5 mL) and added to the mixture with the other reagents. Acetone 
enhanced the solubility of the CuBr/PMDETA complex. The reaction was carried out at 65 °C. 
Average molar masses and polydispersity index of the copolymer were 7757 g mol‒1 and 1.04, 
respectively. The composition of the block copolymer was determined by 1H‒NMR to be PS53‒
b‒PAA25. 
Hydrolysis of the PtBA Block in the PS‒b‒PAA Copolymer. The copolymers were first 
dissolved in CH2Cl2. Trifluoroacetic acid (TFA) was then added (10 equivalents to t‒butyl ester 
units), and the mixture was stirred at room temperature for 3 days. The unprotected polymers 
Polyoxometalate‒Polymer Hybrid Surfaces| 
 223 
precipitated in the reaction media and were filtered, washed with CH2Cl2, and finally dried under 
vacuum.  
Preparation of Breath Figure surfaces (BF). Polymer solutions were prepared by 
dissolving solid commercial PS and the synthetized PS53‒b‒PAA25 copolymer in THF. The total 
polymer/copolymer concentrations used in this study was 50 mg mL‒1. The blend employed 
contained 10% of PS53‒b‒PAA25 diblock copolymer and 90% w of high molecular weight linear 
PS. The films were prepared from these solutions by casting onto glass wafers under controlled 
humidity inside of a closed chamber. The relative humidity (RH) was controlled by saturated salt 
solutions of KCl and KNO3 in water to obtain 80 and 90% RH, respectively.  
Immobilization of Hybrid POMs into the BFs. The immobilization of the POM components 
was carried out by immersion of the BF surfaces into the corresponding solutions. After 24 h, 
the BF were taken out of the solutions, washed with deionized water repeatedly and dried with 
Ar gas flow. 
Breath Figures Surface 0 (BF0). A solution containing CuSO4.2H2O (0.10 mmol) and cyclam 
ligand (0.10 mmol) in 12 mL of distilled water was prepared. The dark purple solution was stirred 
for 15 minutes at room temperature, after which a BF surface was immersed in it carefully. After 
24 h, the BF was taken out of the solution, washed with deionized water repeatedly and dried 
with Ar gas flow. Compared to the initial blank BF surface, the resulting BF0 showed a slight 
violet color across its surface.  
Hybrid Breath Figures Surface 1 (BF1). Compound 1‒CuV10 was generated in situ 
following the synthesis described in chapter 2. After filtering, the same procedure carried out 
for BF0 was applied. Compared to the initial blank BF surface, the resulting BF1 showed a slight 
orange color across its surface. 
Hybrid Breath Figures Surface 2 (BF2). Compound 1‒CuV was generated in situ following 
the synthesis described in chapter 2. After filtering, the same procedure carried out for BF0 was 
applied. Compared to the initial blank BF surface, the resulting BF2 showed a pale purple color 
across its surface. 
Hybrid Breath Figures Surface 1 (BF3). Compound 1‒CuMo5 was generated in situ 
following the synthesis described in chapter 3. After filtering, the same procedure carried out 
for BF0 was applied. Compared to the initial blank BF surface, the resulting BF3 showed a slight 
violet color across its surface. 
Hybrid Breath Figures Surface 2 (BF4). Compound 1‒CuW7 was generated in situ following 
the synthesis described in chapter 4. After filtering, the same procedure carried out for BF0 was 
applied. Compared to the initial blank BF surface, the resulting BF4 showed a pale purple color 
across its surface. 
Preparation of Hybrid Surfaces (HS). Hybrid POM/polymer surfaces were prepared by 
direct mix of both components in commercial methanol (MeOH). The solutions of the hybrid 
POMs were prepared according to the corresponding synthetic procedures described in 
previous chapters. 
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Poly(acrylic acid) Surface (PAA). 0.250 g of commercial PAA was dissolved in 30 mL of 
MeOH under heavy stirring at room temperature. After 30 minutes, the colorless solution was 
added dropwise to 200 mL of cold (ethyl)acetate, and the formation of a white gel was observed. 
The suspension was stirred at room temperature for another 30 minutes and then the solvent 
was removed. After the removal of the solvent, a white‒colored gel was obtained. 
Hybrid Surface 0 (HS0). 0.250 g of commercial PAA was dissolved in 30 mL of MeOH under 
heavy stirring at room temperature. Meanwhile, CuSO4.2H2O (0.025 g, 0.10 mmol) and cyclam 
ligand (0.020 g, 0.10 mmol) were dissolved in 12 mL of distilled water at room temperature, 
which was added to the polymeric solution. After 30 minutes, the resulting purple solution was 
added dropwise to 200 mL of cold (ethyl)acetate, and the formation of a purple substance was 
observed. The suspension was stirred at room temperature for another 30 minutes and then the 
solvent was removed. A dark purple gel was obtained.  
Hybrid Surface 1 (HS1). The preparation is similar to that of HS0 except that a solution of 
1‒CuV10 was added instead of the in situ generated {Cu(cyclam)} complex. The resulting 
brownish solution was added dropwise to 200 mL of cold (ethyl)acetate, and the formation of a 
brownish solid was observed. After solvent removal, a brownish gel was obtained. 
Hybrid Surface 1 (HS2). The preparation is similar to that of HS1 except that a solution of 
1‒CuV was added instead. After the removal of the solvent, a garnet‒colored gel was obtained. 
Hybrid Surface 1 (HS3). The preparation is similar to that of HS1 except that a solution of 
1‒CuMo5 was added instead. After the removal of the solvent, a violet gel was obtained. 
Hybrid Surface 1 (HS4). The preparation is similar to that of HS1 except that a solution of 
1‒CuW7 was added instead. After the removal of the solvent, a dark purple gel was obtained. 
5.3 RESULTS AND DISCUSSION 
5.3.1 Preparation of the BF and HS Surface Samples 
First, the reactivity between the selected {Cu(cyclam)}‒containing POMs towards the 
carboxylic poly(acrylic acid) was assessed by direct mixing of both components in solution 
(MeOH). After the addition of the precipitant agent (ethylacetate) to the media, the formation 
of different colored gels was observed (Figure 5.2). The color of each gel closely resembles those 
shown by the corresponding POM crystals described in previous chapters. As mentioned in the 
introductory section, these gels were soaked in deionized water, press between two sample 
holders using a Nd magnet and then they were freezed with liquid N2 in order to flatten the 
samples and make them susceptible to be characterized by surface analyses techniques. After 
cooling down to room temperature, the composite gels were detached from the glass yielding 
moderately flat surfaces, labelled as HS0‒4 samples. 
In the breath figure method, the choice of the solvent is considered crucial for obtaining 
the desired honeycomb patterns. The solvent should fulfill some requirements such as high 
vapor pressure (i.e., low boiling point), low solubility in water, and higher density than water.27 
According to these requirements, carbon disulfide and chloroform are the most commonly used 
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solvents. In this work, however, THF was selected as solvent, as it exhibits similar vapor pressure 
and boiling point, with the advantage of being miscible in water, a lower density, and a more 
ecofriendly nature than carbon disulfide.  
Herein, PS/PS‒b‒PAA porous films were prepared by the static BF method (Figure 5.2). In 
order to determine the optimum parameters for the formation of such surfaces, solutions with 
total polymer concentrations of 50, 60, 70, 80, and 90 mg mL‒1 of two different blends, namely 
80/20% w and 90/10% w (PS/PS‒b‒PAA% w), were cast in a moist atmosphere with 80 and 90% 
relative humidity (RH) using THF as solvent (Figure 5.7). The regularity of the patterned films was 
evaluated by SEM in a qualitative manner attending to the homogeneity and distribution of the 
resulting cavities. As can be seen in Figure 5.7, the different conditions under which the BF 
surface were made resulted in drastically different outcomes in terms of the formation of the 
cavities, their sizes as well as the homogeneity of their distribution across the surface.  
 
Figure 5.7. SEM images for BF with 50, 60, 70, 80, and 90 mg mL‒1 in THF at 80% and 90% RH for the tested PS/PS‒b‒
PAA blends (80/20 and 90/10% w), highlighting the optimum conditions for their preparation (scale bar = 20 μm). 
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At first glance, it is noticeable that when using the first polymeric blend 80/20% w in THF 
at both 80% and 90% RH, no breath figure patterns were formed whatsoever in any tested 
polymer concentrations. However, when the second polymer blend with a higher relative 
concentration of the PS was used, hole patterns were successfully formed at different 
concentrations in both tested relative RH media. In the case of 90% RH, the polymer 
concentration dramatically determined the regularity of the breath figure patterns, as higher 
concentration resulted in the formation of larger but more irregular cavities. The effect of the 
polymer concentration was less accused when the relative humidity of the medium was 
decreased to 80%, although higher concentration was also accompanied by more irregular 
distribution of the cavities to those observed in the less concentrated samples at 80% RH. In this 
sense, the most regular patterns were identified as those obtained for concentrations ranging 
from 50 to 80 mg mL‒1. Among them, the cavities formed in the less concentrated sample were 
significantly smaller compared to the others but at the same time, this concentration allowed 
the formation of the most ordered hole patterns in all tested conditions. In view of this results, 
we selected this polymeric blend PS/PS‒b‒PAA = 90/10% w with a [PS/PS‒b‒PAA]total = 50 mg 
mL‒1 at 80% RH as the optimum to prepare the BF samples to carry out the incorporation of the 
polyoxometalates. 
The optimized BF were then immersed on aqueous POM solutions for immobilization of 
the clusters via entrapment with the poly(acrylic acid) branches located primarily at the cavities 
as a result of the breath figure patterning method. As mentioned before, we selected hybrid 
POMs containing copper(II) complexes of cyclam because of the plasticity of the coordination 
sphere of the CuII centers so that the cyclam macrocyclic ligand could allow the axial positions of 
the coordination sphere of the metal to be readily available to coordinate to these carboxylic 
functions. The selected POM clusters 1‒CuV, 1‒CuV10, 1‒CuMo5 and 1‒CuW7 were generated 
in situ following the corresponding synthetic procedures described in chapters 2, 3 and 4, 
respectively. The reference solution containing just the metalorganic complex Cu(cyclam) was 
prepared similarly (BF0). After 24 h of immersion of the BFs in these solutions at room 
temperature, the resulting hybrid surfaces BF0‒BF4 were gently washed with deionized water 
repeatedly to ensure the firm immobilization of the POMs. The characterization of the BF hybrid 
samples was made using Time of Flight‒Secondary Ion Mass Spectrometry (ToF‒SIMS) to 
analyze the sample compositions at the outermost layers and with material depth as well as the 
distribution of the hybrid POMs across the surface. In contrast, the HS0‒HS4 samples were 
superficially characterized by Low Energy Ion Scattering (LEIS) to analyze the elemental 
composition at the outermost atomic layer and the distribution of the elements when going 
deeper into the hybrid material. In addition, optical images were obtained with a 3D Laser 
microscope to check the roughness of both types BF0‒BF4 and HS0‒HS4 samples. 
5.3.2 Superficial Characterization of HS samples 
Low Energy Ion Scattering (LEIS) 
The superficial characterization of HS samples was carried out by LEIS due to their higher 
roughness compared to the more flat BF samples. Light He+ projectiles were used to detect light 
elements (C, O, etc.) whereas Ne+ primary ions were employed to confirm the presence of the 
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heavier atoms (Cu, V, Mo and W). After performing measurements in a virgin spot of the sample 
surface, cleaning treatment with activated O2 was carried out and new measurements at the 
same spot were carried out to confirm if any compositional changes took place as a result of the 
cleaning process. Depth profiles were acquired using a 1 KeV Ar+ sputter beam. In this 
preliminary work, we focused on using LEIS to confirm the presence of the POMs at the 
outermost atomic monolayer as well as the compositional distribution of the components when 
going deeper into the material in a qualitative manner. 
 
 
Figure 5.8. 3 KeV He+ LEIS spectra of the PAA (top left) and after cleaning it with activated O2 (top right) along with 
the corresponding depth profiles using 1 KeV Ar+ sputtering (bottom). 
The LEIS spectrum of the POM‒ and Cu(cyclam)‒free blank surface made from 
commercial poly(acrylic)acid (PAA) shows the expected peaks for C and O (760 and 1110 eV, 
respectively) in its outermost layer. In addition, a strong peak belonging to Si at ca. 1690 eV was 
also detected (Figure 5.8). This fact led us to believe that the presence of silicon in this 
commercial sample must come from the preparation method, specifically when detaching the 
sample from the glass sample holders (Figure 5.2). As such, we should expect this signal to be 
present in all samples. A moderately low homogeneity when going deeper into the material was 
observed, as seen in the fluctuating trend for all the elements in the depth profile. A superficial 
cleaning treatment was performed with activated O2 after which another spectra were 
measured, but no substantial changes in the LEIS signals were observed, except for the obvious 
increase in the O peak, as seen in both the corresponding LEIS spectrum and depth profile 
(Figure 5.8).  




Figure 5.9. 3 KeV He+ and 6 KeV Ne+ LEIS spectra of the HS0 (top left) and after cleaning it with activated O2 (top right) 
along with the corresponding depth profiles using 1 KeV Ar+ sputtering (bottom). 
The POM‒free Cu(cyclam) reference HS0 sample shows several peaks in the LEIS spectrum 
when using light He+ ions as projectiles. Apart from the expected C, N and O peaks at ca. 765, 
960 and 1115 eV respectively (as well as Si at around 1700 eV), the presence of F, S and Cl was 
also confirmed at the final layers of the material with peaks appearing at 1310, 1835 and 2030 
eV, respectively (Figure 5.9). These impurities could be coming from elemental traces found in 
the CuSO4.2H2O reactant. A very strong peak corresponding to Cu at 2355 eV could be detected 
with He+, as well as when using heavier projectiles in the Ne+ LEIS spectrum at ca. 1660 eV. In 
the latter, traces of Fe were also detected in the small peak at 1440 eV which should be coming 
from the impurities of the Cu(II) salt. All in all, the LEIS spectra indicate that the Cu(Cyclam) units 
are present at the outermost layer of HS0 sample. However, while the depth profile shows a 
regular trend for all light elements a significant increase in the heavier Cu signal within the first 
sputtering cycles was observed, indicating that the presence of Cu(cyclam) units increases with 
depth. In close analogy to PAA surface, the O2 cleaning of the surface did not result in any 
modifications of the spectrum as can be seen in (Figure 5.9). 
Superficial analysis of HS1 confirms the presence of C, O and Si elements just like previous 
samples with signals at approximately 770, 1110 and 1700 eV (Figure 5.10). Since the synthesis 
of 1‒CuV10 was carried out in NaCl 1M medium, the Na and Cl peaks at 1510 and 2030 eV were 
also expected. In addition, He+ projectiles allowed the detection of peaks at 2190 and 2360 eV 
associated to heavier V and Cu atoms respectively, which suggest the presence of the 
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decavanadate species at the outermost layers. As expected, these two signals are more clearly 
defined in the Ne+ LEIS spectrum as shown by the strong peaks associated to them at 1180 and 
1655 eV, respectively. Regarding the homogeneity of the hybrid sample, C, O and Si seems to be 
evenly distributed with depth whereas a slightly more fluctuating trend was observed for the 
remaining elements (Na, Cl, V and Cu). The depth profile obtained when using Ne+ primary ions 
shows an overall increase of the LEIS signal for both V and Cu peaks, suggesting that the presence 
of the hybrid decavanadate species is higher when going deeper into the hybrid material.  
 
 
Figure 5.10. 3 KeV He+ and 6 KeV Ne+ LEIS spectra (top) of the HS1 along with the corresponding depth profiles using 
1 KeV Ar+ sputtering (bottom). 
The LEIS spectrum of HS2 is highly reminiscent of that observed in the previous HS1, as 
the immobilized POMs belongs to the polyoxovanadate family for both surfaces, although some 
peaks corresponding to lighter elements (Na, Cl) as well as V are poorly defined in the He+ LEIS 
spectrum (Figure 5.11), which appear as small signals at 1520, 2020 and 2180 eV, respectively. 
Measurement with heavier Ne+ projectiles results in a spectrum with considerable noise 
although the signals for both V and Cu can be clearly identified at eV values of 1180 and 2365 
eV approximately. The poor shape of the LEIS spectra can be explained attending to the 
roughness of the HS2 sample, which was significantly more accused compared to the surface of 
HS0 and HS1 samples (Figure 5.12). Depth profiles of HS2 indicate a relatively good homogeneity 
with material depth for the lighter elements although the presence of Cu increases with each 
sputtering cycle evidencing an inhomogeneous distribution. In contrast, the intensity of the peak 
associated to V remained nearly constant with depth suggesting a homogeneous distribution for 
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the 1‒CuV polyoxovanadate. The fact that Cu signal increase while V remained constant could 
be indicative of free Cu(cyclam) moieties that are not grafted to the polyanion located within 
the material (Figure 5.11). 
 
 
Figure 5.11. 3 KeV He+ and 6 KeV Ne+ LEIS spectra (top) of the HS2 along with the corresponding depth profiles using 
1 KeV Ar+ sputtering (bottom). 
Unfortunately, the roughness of the HS3 sample was too accused to be appropriately 
measured and as a result, the obtained statistics were of very poor quality. Finally, LEIS 
measurements on BF4 sample confirm the presence of C, O, Si with peaks at 770, 1110 and 1710 
eV as well as Na and Cl as seen in the signals at 1510 and 2020 eV (Figure 5.13). Just like in BF1, 
the latter signals can be considered a direct consequence of the synthesis medium of the 1‒
CuW7 whereas the Si peak can be associated to the preparation method as mentioned 
previously. Small peaks at ca. 2360 and 2710 eV corresponding to Cu and W respectively could 
also be fitted in the LEIS He+ 3 KeV spectrum although those can be seen more clearly with a 
heavier projectile for obvious reasons at around 1900 and 3900 eV, respectively. Much like the 
results observed in the previous samples, the cleaning treatment with activated O2 did not result 
in any changes whatsoever. Depth profiles indicate a significant increase in the signals of all 
elements within the first few sputtering cycles evidencing a lack of homogeneity for the first 
monolayers of the material, in particular for Na and Cl as well as for the heavier elements Cu 
and W (Figure 5.13). The latter suggest that the presence of 1‒CuW7 increases when going 
deeper into the hybrid material, similar to the results observed for HS1. 
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Figure 5.13. 3 KeV He+ and 6 KeV Ne+ LEIS spectra (top) of the HS4 and after cleaning it with activated O2 (top right) 
along with the corresponding depth profiles using 1 KeV Ar+ sputtering (bottom). 
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In summary, LEIS is a surface sensitive analytical tool that provides the elemental 
composition of the outermost atomic layer of a surface as well as their distribution with the 
depth of the material. In this preliminary work, LEIS provided valuable information of qualitative 
nature about our hybrid model POM‒polymer surfaces. A fine example of the latter would be 
the Si peaks observed in all surfaces, which makes us believe that its origin lies in the preparation 
method so modifications in that regard must be undertaken. Similarly, traces of Fe could be 
detected in HS0 surface owing to the sensibility of the technique and the presence of 
uncoordinated free‒Cu(cyclam) moieties within HS2 is hinted because of the drastic different 
distribution of Cu and V with the material depth. However, the important expected peaks (Cu 
and V, W) were observed at the outermost atomic layer for all HS samples which was one of our 
primary goals regarding the superficial characterization of the hybrid POM‒polymer materials, 
as their presence heavily implied the that both inorganic clusters and the anchoring 
metalorganic Cu(cyclam) units are in fact located there. Hopefully, these initial results will prove 
helpful for more elaborated studies within this new interesting research line in the near future. 
5.3.3 Superficial Characterization of BF samples 
Time of Flight‒Secondary Ion Mass Spectrometry (ToF‒SIMS) 
In comparison to HS0‒HS4, the more flat BF0‒BF4 samples permitted their superficial 
analysis by ToF‒SIMS technique (Figure 5.14). The main objectives of this preliminary work were 
the confirmation of both the immobilized polyoxometalates and Cu(cyclam) moieties as well as 
the qualitative distribution of the components with the depth of the material and their 
preferential location across the sample surfaces. To achieve these goals, we conducted SIMS 




Figure 5.14. Optical microscope images showing the difference in roughness of the BF0‒BF4 samples as well as a 
zoom at the carboxylic‒functionalized cavities (scale bar = 100 μm). 
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Figure 5.15. 30 KeV Bi+ SIMS (+) spectrum recorded in HCBM (top left) and BAM with assignment of the most probable 
fragments of the organic components and metals highlighting the strongest signals (bottom) along with the depth 
profile (+) using 2 KeV Ar+ sputtering (top right) for BF0. Surface images obtained in imaging mode (‒) are also shown 
indicating the spatial distribution of the signals arising from the Cu‒ peaks, as well as digital photographs of BF0 and 
a BF blank. HCBM = High Current Bunch Mode; BAM = Burst Alingment mode. 
First, the BF0 sample was measured and used as reference as only the metalorganic 
anchoring units Cu(cyclam) was used for its preparation (Figure 5.15). Among the numerous 
signals observed in the mass spectrum in positive mode, those belonging to the most probable 
fragmentation modes of the organic components could be assigned which would evidence the 
presence of the cyclam ligands at the outer layers of the samples. Similarly, the presence of 
copper was confirmed by the characteristics peaks of Cu+ and its isotope 65Cu. Strong signals 
belonging to Si+ and related peaks (SiH3+, SiOH+,…) were also found which could be coming from 
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the preparation method as they are present in all HS and BF samples, even in the PAA sample 
discussed in the LEIS results (Figure 5.8). In close analogy, a small peak corresponding to Na+ 
could also be identified, which is a common contaminant that is often detected when measuring 
in positive mode. The dynamic depth profile shows a regular trend for all Cu, Na and Si elements 
with the depth of the material which indicates a good homogeneity and distribution of the 
elements at the first few monolayers. The SIMS images obtained in negative mode show the 
pores of the surface that did not suffer notable changes compared to the blank surfaces 
observed in SEM prior to the immobilization of the POMs. Interestingly, the overlay of the Cu‒ 
signal versus the total signal suggest that the positions where the Cu signal originate are mainly 
located at the pores, as we intended (Figure 5.15). 
 
Figure 5.16. 30 KeV Bi+ SIMS (+) spectrum recorded in HCBM (top left) and BAM with assignment of the most probable 
fragments of the organic components and metals highlighting the strongest signals (bottom) along with the depth 
profile (+) using 2 KeV Ar+ sputtering (top right) for BF1. Surface images obtained in imaging mode (+) are also shown 
indicating the spatial distribution of the signals arising from the Cu+ and V+ peaks, as well as digital photographs of 
BF1 and a BF blank. HCBM = High Current Bunch Mode; BAM = Burst Alingment mode. 
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Some notable changes in the SIMS (+) spectrum of BF1 were observed compared to the 
reference BF0. The most important change lies in the numerous peaks associated to V (V+, VH+, 
VO+ and VOH+) which imply that the {V10O28} species should be located at the outermost layers 
of the material and hence, suggest that the incorporation of the POM met some success (Figure 
5.16). The intensity of the Na+ peak increased various times that observed in the BF0, which was 
expected since 1‒CuV10 was synthetized in NaCl 1 M medium. In a similar fashion, a significant 
increase in the intensity of the Cu+ and 69Cu+ was also observed in comparison to BF0. In contrast, 
the Si+ and related peaks decreased significantly. The depth profile confirms a regular 
distribution of both Cu+ and V+ signals indicating a good homogeneity when going deeper into 
the material. SIMS imaging also provided useful information: the overlay of the Cu+‒V+ signals 
versus the total signal show that the most intense positions were these peaks originate are 
primarily located at the carboxylate‒filled cavities (Figure 5.16). 
 
Figure 5.18. 30 KeV Bi+ SIMS (+) spectrum recorded in HCBM (top left) and BAM with assignment of the most probable 
fragments of the organic components and metals highlighting the strongest signals (bottom) along with the depth 
profile (+) using 2 KeV Ar+ sputtering (top right) for BF2. Surface images obtained in imaging mode (+) are also shown 
indicating the spatial distribution of the signals arising from the Cu+ and V+ peaks, as well as digital photographs of 
BF2 and a BF blank. HCBM = High Current Bunch Mode; BAM = Burst Alingment mode. 
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BF2 shows a very similar SIMS (+) spectrum to that of BF1 showing the characteristic peaks 
of V+ and Cu+ as well as the organic fragments observed in the latter, suggesting that 1‒CuV was 
successfully incorporated into the sample (Figure 5.17). The intensity of the V+ and related peaks 
decreased considerably, which is in good agreement with the fact that the vanadium content 
per formula in 1‒CuV is much lesser than that of 1‒CuV10 in the previous BF1 surface. While a 
good homogeneity for Cu, V and Si elements is observed with depth, a slightly more irregular 
trend for Na+ was obtained in the depth profile, which slightly increases when going deeper into 
the material. In close analogy to BF1, however, the SIMS images show that the most intense 
positions were the Cu+‒V+ signals originate are mainly located at the carboxylic‒functionalized 
pores (Figure 5.17). 
 
Figure 5.18. 30 KeV Bi+ SIMS (+) spectrum recorded in HCBM (top left) and BAM with assignment of the most probable 
fragments of the organic components and metals highlighting the strongest signals (bottom) along with the depth 
profile (+) using 2 KeV Ar+ sputtering (top right) for BF3. Surface images obtained in imaging mode (+) are also shown 
indicating the spatial distribution of the signals arising from the Cu+ peaks, as well as digital photographs of BF3 and 
a BF blank. HCBM = High Current Bunch Mode; BAM = Burst Alingment mode. 
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Compared to BF1 and BF2 drastic differences were found in the SIMS (+) spectrum of BF3. 
First, no signal for Mo could be found at all and secondly, the overall spectra is highly reminiscent 
to that seen for the reference BF0 (Figure 5.18). These two facts unequivocally confirm the 
absence of 1‒CuMo5 at the surface of the sample so no POM functionalization took place, as 
opposed to BF1 and BF2. Depth profile indicates that Cu and Si are evenly distributed with depth 
whereas a gradual increase for Na+ can be seen Figure 5.18. Similar results were obtained for 
BF4, those being an almost identical fragmentation profile and the absence of the characteristic 
W peak of the POM (Figure 5.19), corroborating the absence of 1‒CuW7 at the first atomic 
monolayers of the material. In comparison to the previous BF3, the depth profile of BF4 shows 
a good homogeneity at the material surface. Interestingly, the SIMS imaging for both surfaces 
indicate that the copper is also mainly located at the carboxylic pores (Figures 5.18 and 5.19), 
much like the reference BF0 surface. 
 
Figure 5.19. 30 KeV Bi+ SIMS (+) spectrum recorded in HCBM (top left) and BAM with assignment of the most probable 
fragments of the organic components and metals highlighting the strongest signals (bottom) along with the depth 
profile (+) using 2 KeV Ar+ sputtering (top right) for BF3. Surface images obtained in imaging mode (+) are also shown 
indicating the spatial distribution of the signals arising from the Cu+ peaks, as well as digital photographs of BF4 and 
a BF blank. HCBM = High Current Bunch Mode; BAM = Burst Alingment mode. 
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SIMS (+) spectra in BAM for the reference and all four samples are grouped in Figure 5.20 
for comparative purposes. A quick glance at the highlighted m/z ranges shows notable 
differences for BF1 and BF2 compared to the others, which indicate that the fragmentation 
modes of the components differs. This fact indicates that significant changes in the chemical 
composition at the outermost layers must exist and thus, it further corroborates that the POM 
immobilization succeeded in the case of BF1 and BF2, while BF3 and BF4 samples display a 
virtually identical fragmentation patterns to those observed in the reference BF0. These 
similarities together with the absence of POM‒related peaks (Mo and W for BF3 and BF4, 
respectively) indicate that only free, uncoordinated‒Cu(cyclam) moieties were immobilized into 
the surface of BF3 and BF4 samples. 
 
Figure 5.20. Comparison of the 30 KeV Bi+ SIMS (+) spectra recorded in BAM for all BF samples and the reference, 
highlighting the different fragmentation modes in the highlighted m/z regions. BAM = Burst Alingment Mode. 
Similar results can be observed for the SIMS spectra recorded in negative mode (‒) that 
are shown in Figure 5.21. For instance, several peaks found in the 20‒45, 59‒64 and 70‒80 m/z 
ranges are practically identical for BF3 and BF4 surfaces to those found in the reference BF0 
while slightly different fragmentation peaks can be seen in the SIMS (‒) spectra belonging to BF1 
and BF2 samples. These observations further reinforces the conclusions reached above. 
In summary, SIMS measurements carried out in this preliminary work strongly suggest 
that the POM incorporation to the breath figure polymeric surfaces was successful for BF1 and 
BF2 samples, while no POM components were found at the first monolayers in the case of BF3 
and BF4 samples. The latter is corroborated by the absence of Mo and W related peaks as well 
as the virtually identical fragmentation modes observed in both BAM (+) and BAM (‒) to those 
observed in the POM‒free BF0 reference surface. Interestingly, SIM imaging provided useful 
information about the preferential location of the metal atoms at the surface of the samples. In 
all cases, signals arising from Cu peaks are mainly distributed at the pores of the breath figure 
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surfaces whereas BF1 and BF2 also show V+ signals coming from the pores, potentially 
suggesting that the POMs are indeed preferentially located there. 
 
 
Figure 5.21. Comparison of the 30 KeV Bi+ SIMS (‒) spectra recorded in BAM for all BF samples and the reference, 
highlighting the different fragmentation modes in the highlighted m/z regions. BAM = Burst Alingment Mode. 
5.4 CONCLUSIONS 
This preliminary work describes a very facile approach to obtain various polymer‒
polyoxometalate (POM) hybrid surfaces by either immobilization of POM species on tailored 
“breath figures” films made by poly(styrene)‒poly(acrylic acid) copolymers (BF) or by direct 
mixing of POM‒containing solutions with solid poly(acrylic acid) hydrophilic polymer (HS). Highly 
sensitive ion beam‒based techniques were used to carry out the superficial characterization of 
such hybrid composites to obtain useful information about the composition at the outermost 
atomic layers of the materials and elemental distribution when going deeper into the materials. 
On one hand, LEIS measurements on HS samples provided valuable information of 
qualitative nature about our hybrid model POM‒polymer surfaces. A fine example of the latter 
would be the Si peaks observed in all samples, which makes us believe that its origin lies in the 
preparation method so modifications in that regard must be undertaken. Similarly, traces of Fe 
could be detected in HS0 surface owing to the sensibility of the technique and the presence of 
uncoordinated free‒Cu(cyclam) moieties within HS2 is hinted because of the drastic different 
distribution of Cu and V with the material depth. In contrast, the depth profiles of HS1 (and HS4) 
show an even distribution of both Cu and V (and W) peaks that increases with depth, suggesting 
that the presence of the incorporated POM species increases when going deeper into the hybrid 
material. All in all, the important expected peaks (Cu and V, W) were observed at the outermost 
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atomic layer for all HS samples which was one of our primary goals regarding the superficial 
characterization of these hybrid POM‒polymer materials, as their presence heavily implied the 
that both inorganic clusters and the anchoring metalorganic Cu(cyclam) units are in fact located 
there.  
On the other hand, SIMS measurements on BF samples strongly suggest that the POM 
incorporation onto the breath figure polymeric surfaces was successful for BF1 and BF2 samples 
(1‒CuV and 1‒CuV10, respectively), while no POM components were found at the first 
monolayers in the case of BF3 and BF4 samples (1‒CuMo5 and 1‒CuW7, respectively). The latter 
is corroborated by the absence of Mo and W related peaks as well as the virtually identical 
fragmentation modes observed in both SIMS (+) and SIMS (‒) to those observed in the POM‒
free BF0 reference surface. Interestingly, SIM imaging provided useful information about the 
preferential location of the metal atoms at the surface of the samples. In all cases, signals arising 
from Cu peaks are mainly distributed at the pores of the breath figure surfaces whereas BF1 and 
BF2 also show V+ signals coming from the pores, potentially suggesting that the POMs are indeed 
preferentially located there. 
To our knowledge, this is the first time that these beam‒based techniques are applied to 
characterize the immediate surface of such POM‒polymer hybrid films. LEIS and SIMS are 
appropriate techniques to characterize these types of materials as they provide useful 
information with high sensitivity about the composition at the outermost layers and distribution 
of the different elements with material depth as well as the preferential location of specific 
signals across the target surface. This is of outmost importance as these final atoms of a surface 
often govern the chemical interaction with other materials and thus, these type of information 
should help understand better the potential applications of these hybrid materials. Hopefully, 
these preliminary results will help pave the way for more elaborated studies within this new 
interesting research line in the near future. 
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2. Thermo-Structural Studies in Vanadate–Metalorganic Hybrid 
Compounds: Dynamic vs. Robust Open-Framework Materials 
Figures A2: 
 
Fig. A2.1. TGA curves for freshly prepared 1–3–CuV compounds. 
 
Figure A2.2. Comparison between the experimental PXRD patterns of freshly prepared 1–3–CuV and those simulated 






Figure A2.3. Variable temperature PXRD patterns of 1–CuV from 30 to 450 °C. 
 
Figure A2.4. Identification of the phases that constitute the final residue of the variable temperature PXRD 
experiments for compound 1–CuV. 
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Figure A2.5. Experimental powder X–ray diffraction pattern (left) and FT-IR spectrum (right) of the brown precipitate 
obtained from the reaction of VO3– and {Cu(cyclam)}2+ complexes in water (pH = 4.6–4.7) compared to those of 
compound 1–CuV10 in crystalline form. Arrows highlight the signals corresponding to impurities of the bulk material. 
 
Figure A2.6. Comparative TGA curves for the dehydration of 1–CuV and the resulting anhydrous 4–CuV after being 






Figure A2.7. Identification by powder X–ray diffraction of the phases forming the final residue in the thermal 
decomposition of compound 1–CuV10. 
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Figure A2.8. Structural relationship between the hybrid layers in 1–CuV10 and those described for 
(Hpz)2[{Cu(pz)4}2(V10O28)]·2H2O (pz = pyrazole). See the following reference for more information: Thomas, J.; 





3. THERMALLY TRIGGERED SCSC TRANSFORMATIONS UPON GRADUAL 




Figure A3.1. Comparison between the experimental powder X–ray diffraction pattern of 1-CuW7 and that simulated from 
single–crystal X–ray diffraction data. 
 
Figure A3.2. Identification of the phases forming the final residue in the thermal decomposition of 1‒CuW7. 










Figure A3.4. FT–IR spectra of 1–Ln compounds. 
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Figure A3.6. Comparison between the experimental powder X–ray diffraction patterns of 1–Ln compounds with the 
corresponding simulated PXD patterns from single–crystal X–ray diffraction data. 
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Figure A3.8. Details of the variable–temperature PXD patterns of 1–Eu. 
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Figure A3.10. Variable–temperature PXD patterns of 1–Ln (Ln = Sm–Tb). 
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Figure A3.12. Variable–temperature PXD patterns of 1–Ln (Ln = Yb–Lu). 
 
Figure A3.13. Identification of the phases forming the final residue in the thermal decomposition of 1–Eu. 
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Figure A3.16. PXRD patterns and TGA curves for dehydration/rehydration processes for dehydrated 1–Ln samples heated 
to 180 °C one day prior to the measurements (Ln = La–Pr). Dashed line represents the dehydration curve 1 day after the 
sample was heated. 
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Figure A3.17. PXRD patterns and TGA curves for dehydration/rehydration processes for dehydrated 1–Ln samples 
heated to 180 °C one day prior to the measurements (Ln = Nd–Eu). Dashed line represents the dehydration curve 1 





Figure A3.18. PXRD patterns and TGA curves for dehydration/rehydration processes for dehydrated 1–Ln samples 
heated to 180 °C one day prior to the measurements (Ln = Gd–Dy). Dashed line represents the dehydration curve 1 
day after the sample was heated. 
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Figure A3.19. PXRD patterns and TGA curves for dehydration/rehydration processes for dehydrated 1–Ln samples 
heated to 180 °C one day prior to the measurements (Ln = Ho–Tm). Dashed line represents the dehydration curve 






Figure A3.20. PXRD patterns and TGA curves for dehydration/rehydration processes for dehydrated 1–Ln samples 
heated to 180 °C one day prior to the measurements (Ln = Yb–Lu). Dashed line represents the dehydration curve 1 
day after the sample was heated. 
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Tables A3: 
Tables A3.1. Crystallographic data for 1-Ln and the rehydrated crystals 1R-Ln (Ln = Ce, Eu and Er). 
 1-Ce 1R–Ce 1-Eu 1R–Eu 1-Er 1R–Er 












fw (g mol–1) 7779.76 7779.75 7785.42 7785.42 7834.03 7834.03 
crystal system triclinic triclinic triclinic triclinic Triclinic Triclinic 
space group P–1 P–1 P–1 P–1 P–1 P–1 
T (K) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 
a (Å) 13.5968(3) 13.5049(6) 13.5580(3) 13.6301(2) 13.6108(4) 13.6233(2) 
b (Å) 13.8641(3) 13.7493(4) 13.8266(3) 13.8798(2) 13.8628(3) 13.8868(2) 
c (Å) 23.1308(4) 22.9427(8) 22.9904(6) 23.0003(4) 22.8601(5) 23.1054(4) 
 () 92.4830(16) 92.277(3) 92.667(2) 92.7678(14) 92.7378(19) 92.7908(14) 
 () 99.6151(18) 100.038(4) 99.921(2) 99.8584(13) 100.061(2) 99.6928(14) 
 () 110.184(2) 110.147(4) 110.057(2) 110.0622(14) 110.005(2) 110.0975(15) 
V (Å3) 4010.96(14) 3915.2(3) 3961.79(17) 3999.86(12) 3963.69(18) 4019.50(12) 
calc (g cm–3) 3.221 3.300 3.263 3.232 3.282 3.236 
Kα (Å) 1.54184 0.71073 0.71073 1.54184 1.54184 1.54184 
 (mm–1) 34.661 17.927 17.932 35.965 32.602 32.149 
collected reflns 31190 29360 27080 29896 30567 30227 
unique reflns (Rint)  14298 (0.059) 13597 (0.0832) 13965 (0.034) 14220 (0.0681) 14114 (0.040) 14310 (0.0693) 
obsd reflns [I > 2(I)] 12415 10050 11766 11883 12701 12457 
parameters 541 512 530 530 540 536 
R(F)a [I > 2(I)] 0.048 0.0855 0.039 0.0733 0.041 0.0772 
wR(F2)b [all data] 0.129 0.2006 0.090 0.2099 0.103 0.2141 
GoF 0.129 1.048 1.059 1.221 1.103 1.075 















4. Thermostructural studies on multidimensional Strandberg and 
Anderson-Evans type hybrid heteropolyoxomolybdates 
FIGURES 4A: 
 
Figure A4.1. Comparison between the FT–IR spectra of single crystal and the precipitate that forms during the reaction 
of 1–CuMo5 with the precipitate obtained when using other transition metal source. 
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Figure A4.2. Comparison between the PDX patterns of the crystals and the precipitate that forms during the reaction 





Figure A4.3. Identification of the phases that constitute the final residue of the variable temperature PXRD experiments 
for compound 1–CuMo5. 
 
Figure A4.4. Identification of the phases that constitute the final residue of the variable temperature PXRD experiments 
for compound 1–NiMo5. 
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Figure. A4.5. Polyhedral representation of the channels found in the compound reported by Ou and coworkers (L = 5,5,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane). Color code: orange (Ni), violet (Mo), green (P), red (O). Reference 36: Ou, G.-C.; Yuan, 





Figure A4.6. Comparison between the FT–IR spectra of single crystal and the precipitate that forms during the reaction 
of 1–CuMo6 with the precipitate obtained when using other transition metal source. 




Figure A4.7. Comparison between the PDX patterns of the crystals and the precipitate that forms during the reaction 
of 1–CuMo6 with the precipitate obtained when using other transition metal source (black dotted line = simulated 
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Figure A4.10. Identification of the phases that constitute the final residue of the variable temperature PXRD experiments for 
compound 1–ZnMo6. 
